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1 Abstract 

The development of the two main types of diabetes mellitus, type 1 and type 2 (T1D, 

T2D), is closely associated with the formation of reactive oxygen species (ROS) and re-

active nitrogen species (RNS) in insulin-secreting pancreatic β-cells. In T1D, β-cell death 

is triggered by proinflammatory cytokines, which mainly lead to the formation of ROS 

in mitochondria and RNS in the cytosol. Pancreatic β-cells are extraordinarily sensitive 

to oxidative stress due to their low glutathione peroxidase and catalase expression. 

Thus, hydrogen peroxide (H2O2) cannot be detoxified, neither sufficiently, nor rapidly. 

H2O2 itself is a rather weakly reactive ROS but can react in the Fenton reaction to form 

highly reactive hydroxyl radicals (●OH), that can damage cells in a variety of ways and 

induce cell death. The cell and its organelles are bounded by biological membranes 

that differ in their permeability to H2O2. Aquaporins (AQPs) are water-transporting 

transmembrane proteins, and some isoforms have been shown to facilitate a bidirec-

tional transport of H2O2 across cellular membranes in addition to water. The role of 

AQP8 was investigated in an insulin-producing cell model by stably overexpressing 

AQP8 (AQP8↑) and by a CRISPR/Cas9-mediated AQP8 knockout. However, AQP8 

proved to be an essential protein for the viability of the insulin-producing RINm5F cells, 

and so we established a tet-on-regulated AQP8 knockdown (AQP8 KD). Our results 

highlight that AQP8 is involved in H2O2 transport across the plasma and mitochondrial 

membranes, and that AQP8 expression gets upregulated by proinflammatory cytokines 

(in vitro) and in an acutely diabetic rat model (in vivo). Furthermore, it was shown that 

the increased proinflammatory cytokine toxicity is due to enhanced mitochondrial ox-

idative stress, because H2O2 cannot be efficiently transported in AQP8 KD cells and ●OH 

are increasingly generated. Caspase activity then raises, and apoptosis is increasingly 

induced coupled with a proportion of ferroptosis-mediated cell death because of a 

concomitant decrease in nitric oxide (NO●) concentration. In conclusion, AQP8 is local-

ized in the plasma and mitochondrial membrane of insulin-producing RINm5F cells, 
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where it is involved in H2O2 transport. In T1D, AQP8 plays an important role in the 

transport of H2O2 from the mitochondrial matrix to the cytosol so that the concentra-

tion is lowered in the mitochondria. This wider distribution of H2O2 may ease the inac-

tivation of H2O2.  
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2 Zusammenfassung 

Die Entstehung der beiden Haupttypen des Diabetes mellitus, Typ 1 und Typ 2 (T1DM, 

T2DM), ist eng mit der Bildung reaktiver Sauerstoffspezies (ROS), sowie reaktiver Stick-

stoffspezies (RNS) in Insulin-sezernierenden β-Zellen des Pankreas verbunden. Beim 

T1DM wird der β-Zelltod durch proinflammatorische Zytokine ausgelöst, die haupt-

sächlich in den Mitochondrien zur Bildung von ROS und im Zytosol von RNS führen. 

Pankreatische β-Zellen sind aufgrund ihrer geringen Glutathionperoxidase- und Kata-

lase-Expression außerordentlich empfindlich gegenüber oxidativem Stress. Das gebil-

dete Wasserstoffperoxid (H2O2) kann somit nicht ausreichend schnell abgebaut wer-

den. H2O2 selbst ist eine eher wenig reaktive ROS, kann jedoch in der Fenton-Reaktion 

zu hochreaktiven Hydroxylradikalen (●OH) reagieren, die auf vielfältige Weise Zellen 

schädigen und den Zelltod induzieren können. Die Zelle und ihre Organellen werden 

durch biologische Membranen abgegrenzt, die sich in ihrer Permeabilität für H2O2 un-

terscheiden. Aquaporine (AQP) sind wassertransportierende Transmembranproteine, 

wobei für einige Isoformen gezeigt werden konnte, dass sie neben Wasser auch den 

bidirektionalen Transport von H2O2 über zelluläre Membranen erleichtern. Die Rolle 

von AQP8 wurde in einem Insulin-produzierenden Zellmodell durch stabile AQP8-Über-

expression (AQP8↑) und durch einen CRISPR/Cas9 vermittelten AQP8-Knockout unter-

sucht. Es stellte sich heraus, dass AQP8 wesentlich für die Viabilität der insulinprodu-

zierenden RINm5F-Zellen ist, so dass wir einen Tet-On-regulierten AQP8 Knockdown 

(AQP8 KD) etablierten. Aus diesen neu etablierten AQP8 überexprimierenden und 

knockdown Zellen ergibt sich u. a., dass AQP8 am H2O2 Transport durch die Plasma- 

und Mitochondrienmembran beteiligt ist und dass die AQP8 Expression durch proin-

flammatorische Zytokine (in vitro) und in einem akut diabetischen Rattenmodel (in 

vivo) ansteigt. Weiterhin konnte gezeigt werden, dass die erhöhte proinflammatori-

sche Zytokin-Toxizität auf einem gesteigerten oxidativen Stress in den Mitochondrien 

zurückzuführen ist, da H2O2 nicht effizient aus den AQP8 KD Zellen transportiert 
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werden kann und zunehmend ●OH entstehen. Die Kaspase-Aktivität steigt daraufhin, 

was zu einer vermehrten Initiierung der Apoptose führt. Weiterhin ist ein Anteil der 

Toxizität auf Ferroptose zurückzuführen, was mit einer verringerten Stickstoffmo-

nooxid (NO●) Konzentration zu erklären ist. Abschließend lässt sich sagen, dass AQP8 

in der Plasma- und Mitochondrienmembran von insulin-produzierenden RINm5F Zel-

len lokalisiert ist und dort maßgeblich an dem H2O2 Transport beteiligt ist. In T1DM 

spielt AQP8 eine wichtige Rolle für einen Transport von H2O2 aus den Mitochondrien 

ins Zytosol, sodass die Konzentration in den Mitochondrien reduziert wird. Dies kann 

die Inaktivierung von H2O2 erleichtern. 
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3 Introduction 

3.1 Diabetes mellitus 

Diabetes mellitus (diabetes) is the most widespread metabolic disease worldwide. Glo-

bally, about 463 million adults (20-79 years) were recorded as having diabetes in 2019, 

and the number of patients is estimated to increase to 700 million by 2045. There are 

three main forms, type 1 diabetes (T1D), which is characterized by an insulin deficiency 

up to insulin absence due to an autoimmune reaction against the β-cell. 5 - 10% of 

patients with diabetes have T1D, which often develops at a young age. Type 2 diabetes 

(T2D) is the most common diabetic disorder. It accounts for about 90% of people with 

diabetes. Due to a hypercaloric diet, obesity and physical inactivity, blood glucose lev-

els keep rising, leading to increased insulin secretion. However, the cells that take up 

glucose to produce energy get less responsive to permanent insulin stimulation and 

gradually become insulin-resistant. T2D develops mainly in adulthood but is increasing-

ly affecting the younger generation due to unhealthy lifestyles. The third main type is 

gestational diabetes mellitus (GDM) that affects approx. 16% of pregnant women and 

it usually disappears on its own during pregnancy. The cause is an impaired glucose 

tolerance due to increased secretion of pregnancy hormones that act as antagonists of 

insulin. The β-cells of the pancreatic islets of Langerhans are the only cells that produce 

and secrete insulin, a blood glucose decreasing hormone. Thus, the main symptom is 

hyperglycemia either due to a deficiency of insulin secretion and/or insulin resistance. 

One consequence of diabetes due to an imbalance of metabolites in the blood (hor-

mones, glucose and/or fatty acids) is arteriosclerosis, which can result in narrowing 

(stenosis) and blockage (thrombosis) of the arteries. This clinical picture is called dia-

betic angiopathy. A distinction is made between macroangiopathy (relating to the large 

arteries in the brain, heart and legs) and microangiopathy (involving the small blood 

vessels in the kidneys, retinae of the eyes, nerves, brain and heart muscle). [1] 
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In addition, proteins can be irreversibly glycated with sustained hyperglycemia, result-

ing in stable carbohydrate-containing proteins called advanced glycation end products 

(AGEs). Cell-to-cell communications and cell-to-matrix interactions may be perma-

nently altered by these AGEs and may contribute to various diabetic complications [2]. 

These imbalances of metabolites and glycated proteins may evoke other symptoms 

and diseases such as cardiovascular diseases, nephropathy, peripheral neuropathy (di-

abetic foot), retinopathy, periodontitis, and pregnancy complications. [1] 

There are other diabetes types of different origins, that, however, have only a minor 

incidence: The latent autoimmune diabetes in adults (LADA) [3], the maturity onset 

diabetes of the young (MODY) [4], the mitochondrial diabetes also referred as mater-

nally-inherited diabetes and deafness (MIDD) [5], the Wolfram syndrome or diabetes 

insipidus, diabetes mellitus, optic atrophy, and deafness (DIDMOAD) [6], and second-

ary types of diabetes caused by pancreatic diseases, e.g. drug-induced or by toxic 

chemicals, infections, or some types of cancer [7].  

Exactly 100 years ago, in May 1921, insulin was discovered by Charles H. Best and Fred-

erick Grant Banting, that revolutionized the possibilities for the symptomatic treat-

ment of diabetes, especially for T1D. Consequently, people with diabetes have signifi-

cantly increased life expectancies. Yet there is still much unknown about the develop-

ment and prevention of diabetes [1]. 

 

3.1.1 Type 1 Diabetes mellitus 

One main cause of T1D is a genetic predisposition. Human leukocytes antigen (HLA)-

encoding genes account for up to 50% of the genetic risk [8, 9]. Additionally, environ-

mental triggers play an important role for the development of T1D [10] such as enter-

ovirus infections [11], e.g. of coxsackievirus [12] or rotavirus infections [13] as well as 

vitamin D deficiency [14]. Especially in the Scandinavian countries it is one of the most 

common chronic diseases that begins in childhood [15, 16]. Vitamin D counteracts the 

immune response and ensures the maintenance of hypermethylation of promoter 
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regions considered to predispose to diabetes [17]. When a specific Toll-like receptor 

(TLR) is activated by such environmental triggers, the transcription factors nuclear fac-

tor kappa B (NF-κB) and signal transducer and activator transcription proteins (STAT) 

are activated. Consequently, a whole series of signaling pathways are affected, result-

ing in the presentation of β-cell-derived modified antigens that initiate the immune 

response [16, 18, 19]. After T1D manifestation mainly CD8+ T cells, CD4+ T cells, macro-

phages [20, 21] and B cells [16] infiltrate the islets of Langerhans, a process called in-

sulitis. Such immune cells release proinflammatory cytokines, interleukin-1 beta (IL-

1β), tumor necrosis factor alpha (TNF-α) and interferon gamma (IFN-γ) or produce au-

toantibodies. The signaling mediated by these cytokines in combination with the direct 

contact between immune cells and β-cells ultimately lead to the β-cells undergoing 

apoptosis [20, 22–26]. The interaction between the β-cell and the main players of the 

immune system, including the main signaling pathways of the β-cell, are illustrated in 

Figure 1. 
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Figure 1: Interaction of the β-cell and the immune system 

Environmental triggers in combination with genetic predisposition can activate transcription factors 

(NF-κB and members of the STAT protein family) that upregulate various signaling pathways. Protein 

expression of MHC class I is increased to allow immune cells to recognize β-cell-derived antigens caus-

ing autoimmunity. Furthermore, ER stress is increased and apoptotic signaling pathways are initiated 

and amplified leading to apoptotic cell death. In parallel, proinflammatory cytokines and chemokines 

are released, modulating both immune cells and the β-cell itself. TLR, toll-like receptor; NF-κB, nuclear 

factor kappa B; STAT, signal transducer and activator transcription; MHC, major histocompatibility 

complex; ER, endoplasmic reticulum; TCR, thymus cell receptor; B cell, bursa cell; CD, cluster of differ-

entiation; TNF, tumor necrosis factor; IFN, interferon; IL, interleukin. Adapted from [18, 19]. 

 

The frequency and severity of the disease motivate research in the field to better un-

derstand the underlying immunological and biochemical mechanisms and to eventu-

ally develop therapeutic options based on these findings. There are several models to 

study diabetes such as the LEW.1AR1-iddm rat, that is a suitable model to study human 

type 1 diabetes [20, 27]. 

3.1.2 Reactive oxygen and nitrogen species 

To understand the drivers of β-cell failure and thus the manifestation of diabetes, it is 

important to reveal the underlying biochemical processes that cause oxidative and ni-

trosative stress in different subcellular compartments. Reactive oxygen and nitrogen 

species (ROS and RNS) play a crucial role in this process [28, 29]. ROS and RNS are 

grouped in non-radical and radical molecules. The pathophysiologically most im-

portant ROS and RNS including their reactivity based on their biological half-life ranging 

from highly reactive to relatively stable [28, 30] are illustrated in Figure 2. The hydroxyl 

radical (●OH) is the most reactive oxygen species with a half-life of   ̴1 ns as it reacts 

with any molecule that passes this radical [31–33]. Hydrogen peroxide (H2O2), on the 

other hand, is relatively stable with a cellular half-life ranging from   ̴1 ms [32] to > 1 

min [31] depending on the enzymatic environment. ROS are products of an incomplete 

reduction of the oxygen atom and thus act as oxidants. Their toxicity is based on their 

high affinity for hydrogen, mostly from thiol groups in proteins [34], which are then 
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oxidized and possibly structurally altered. However, lipids and DNA can also be dam-

aged at higher concentrations (10-100 µM) [28]. Generally, the major origin of ROS 

formation is the reduction of oxygen (O2) by one electron, e.g., in the mitochondrial 

respiratory chain, or by catalysis of NADPH oxidase (NOX) isoforms at the extracellular 

side of the plasma membrane, or, especially in the kidney and liver under highly reduc-

ing conditions, by xanthine oxidase (XO) [30]. The reduction product is the medium 

reactive, non-membrane permeable superoxide anion radical (O2
●-). Superoxide dis-

mutase isoenzymes (SOD) rapidly oxidize O2
●- to O2 and simultaneously reduce it to 

H2O2. The relatively stable non-charged molecule H2O2 can pass biological membranes 

as it shares several physicochemical properties with water (H2O). For more information 

see chapter 3.2.2.1 ‘H2O2 and peroxiporins’. The reaction of H2O2 can go in two oppo-

site directions: on the one hand it is detoxified e.g. via peroxisomal catalase or by glu-

tathione peroxidases (in the mitochondrion, endoplasmic reticulum (ER) and cytosol), 

and on the other hand it reacts in the Fenton reaction [35] in the presence of a trace 

metal, preferably ferrous iron (Fe2+) to form the highly reactive ●OH radicels and hy-

droxide ions (OH-). The severity of oxidative stress is thus a matter of reactivity, con-

centration and distribution [28, 36, 37].  

When considering the formation of RNS, the nitric oxide radical (NO●) is the most abun-

dant and important molecule, as it also regulates signaling pathways [38], similar to 

H2O2 [36]. The moderately reactive NO● is generated by NO synthase (NOS) isoenzymes 

via L-arginine [39] and is permeable to membranes [40]. NO● is a gaseous signaling 

molecule that, on the one hand, reacts readily with transition metals and thus regu-

lates the activity of various enzymes. Thus, for example, NO● can activate guanylate 

cyclase, which leads to an increase of the second messenger cyclic guanosine mono-

phosphate (cGMP), so that further kinases and other enzymes can be stimulated [41]. 

Furthermore, NO● can S-nitrosylate proteins, whereby S-nitrosothiols are formed from 

cysteine residues and consequently modifies protein activity [41]. On the other hand, 

at the site where O2
●- is formed, NO● can diffuse to that site and react with O2

●- to form 
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the more toxic nitrating and strongly oxidizing agent peroxynitrite (ONOO-) and cause 

cellular damages by modifying proteins, lipids and nucleic acids [28, 41, 42].  

 

 

Figure 2: Reactivity, properties and reactions of the main pathophysiological ROS and RNS 

The pathophysiologically most important ROS and RNS are shown according to their level of reactivity 

based on their respective half-lives, ranging from highly reactive (red) to moderately reactive (light red 

- orange) to relatively stable (yellow). The ROS and RNS shown in the circle are permeable to mem-

branes compared to those shown in the square, which cannot pass membranes. For ROS, their for-

mation and detoxification reactions, including the enzymes involved in catalyzing the reactions, are 

also shown. ●OH, hydroxyl radical; ONOO-, peroxynitrite; NO●, nitric oxide; O2
●-, superoxide anion radi-

cal; H2O2, hydrogen peroxide; O2,(di)oxygen; H2O, water; NOX, NADPH oxidase, XO, xanthine oxidase; 

nicotinamide adenine dinucleotide phosphate oxidase; SOD, superoxide dismutase; Cat, catalase; GPx, 

glutathione peroxidase. Information come from [28] and [30] 

 

3.1.3 Oxidative and nitrosative stress in the pancreatic β-cells 

For pancreatic β-cells, oxidative stress is of particular importance because they pro-

duce high amounts of ROS, especially H2O2, and are at the same time exceptionally 

poorly equipped with antioxidative enzymes [28, 29, 43] compared to other cell types 

[44, 45]. The different sites of subcellular H2O2 formation in the β-cell are shown in 

Figure 3. The β-cell is literally in a dilemma as it generates large amounts of H2O2, which 

is necessary for the synthesis of insulin, the hormone that is crucial for maintaining 

metabolic homeostasis throughout the body. For this purpose, the β-cell produces 
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about 334,000 insulin molecules per minute [46] in the ER. Each proinsulin, the precur-

sor of insulin, is given the appropriate structure by three disulfide bridges to become a 

functional insulin protein. Such oxidative protein folding is realized by protein disulfide 

isomerases (PDI) and ER oxidoreductin 1 (Ero1) [47, 48]. Thereby, one H2O2 molecule 

is formed as a by-product, so that in total about one million H2O2 molecules are formed 

per minute and β-cell. The antioxidant equipment in the ER of the rodent β-cell is lim-

ited to low expression of peroxiredoxin (Prdx4) in the absence of glutathione peroxi-

dases (GPx7 and GPx8) [49, 50]. In humans, Prdx4 is even highly expressed to avoid 

massive ER stress and unfolded protein responses [49, 51]. In the cytoplasm, O2
●- is 

produced by plasma membrane associated NADPH oxidases (NOX1 and NOX2 are ex-

pressed in the β-cell [52]) and reacts to H2O2 by CuZnSOD [27]. In the inner membrane 

of the mitochondria of the complexes I and III, O2
●- is generated during oxidative phos-

phorylation, especially after proinflammatory cytokine attack of the β-cells in T1D pa-

tients [23, 53, 54]. The detoxification of H2O2 by GPx1 in both, the cytosol and the mi-

tochondria, however, is not sufficient as this antioxidative enzyme is only weakly ex-

pressed in insulin-producing β-cells [44, 45]. In T2D, the peroxisome is the site of H2O2 

production upon beta-oxidation of (very) long-chain free fatty acids [55, 56]. Usually 

catalase efficiently detoxifies this ROS, however, it is not expressed in pancreatic β-

cells [44, 45]. [28] 
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Figure 3: H2O2 production in different subcellular localizations of the β-cell 

The sites of H2O2 generation are shown for different subcellular compartments. In mitochondria, H2O2 

is formed by the MnSOD with O2
●- as substrate that is formed here especially after proinflammatory 

cytokine exposure in patients with type 1 diabetes. In the peroxisome H2O2 is produced as a side-prod-

uct in the β-oxidation of (very) long-chain FFA that is relevant to the development of type 2 diabetes. 

For the synthesis of insulin in the ER, large amounts of H2O2 are produced to guarantee the formation 

of disulfide bonds necessary for the protein folding of insulin. In the cytosol, O2
●- are formed upon 

incomplete reduction of oxygen or by NADPH oxidases, which is dismutated to H2O2 by the cytosolic 

CuZnSOD. The β-cells have low expression of GPx isoenzymes in the mitochondria and the cytosol and 

no expression of catalase in the peroxisomes which prevents an effective detoxification of high 

amounts of H2O2 and opens further possibilities for the formation of highly toxic ●OH in the Fenton 

reaction. O2
●-, superoxide anion radical; H2O2, hydrogen peroxide; ●OH, hydroxyl radical; MnSOD, man-

ganese superoxide dismutase; CuZnSOD, cupper zinc superoxide dismutase; FFA, free fatty acids; PDI, 

protein disulfide isomerase; Ero1, ER oxidoreductin 1. Modified from [28]. 

 

3.1.4 Antioxidative defense mechanisms 

The pancreatic β-cell has in principle a low tolerance to antioxidant stress, so that Len-

zen established the term vulnerable β-cell [43, 44]. This is based on the high H2O2 pro-

duction and low inactivation properties [43]. In type 1 and type 2 diabetes, β-cell death 
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is due to the lack of adequate detoxification mechanisms [28, 29, 43]. Detoxification of 

O2•- is mainly ensured by sufficient expression of SOD [57] in β-cells to then better 

handle the relatively stable H2O2, although these cells have low capacities to inactivate 

H2O2. The risk of forming highly toxic ●OH via the Fenton reaction [35] is high due to 

such an imbalance between H2O2 production and inactivation. In mitochondria and the 

cytosol, only GPx1 is present in low expression. In the ER, mainly Prdx4 is highly ex-

pressed in humans (low in rodents) and besides GPx7 is weakly expressed in humans 

(absent in rodents), with GPx8 not present in the ER. There is an antioxidant enzyme 

that is highly expressed and located at the subcellular and cellular membranes, GPx4, 

which is efficient to prevent ferroptosis [58–60]. Overall, it might be of great im-

portance that H2O2 is distributed to a site with better antioxidant protection or with a 

larger compartment for dilution effects. For this to happen, H2O2 must pass through 

the membrane via specific types of aquaporins, in organs and cells [61]. [29] 

 

3.2 Aquaporins 

Water as the solvent of life is one of the most abundant and primordial molecules on 

earth. The organization of water is fundamental to regulate each compartment intra-

cellularly and extracellularly, e.g. to balance the concentration of urine in the kidneys 

or the blood pressure. In addition, the flow of water must be controlled when it is 

needed in large volumes, for example, for the secretion of saliva, tears and sweat. Since 

the discovery of the lipid bilayer in the 1920s [62], water was believed to simply diffuse 

into and out of the cell along the osmotic gradient. However, almost exactly 30 years 

ago, water-transporting transmembrane proteins were discovered, that open up the 

area of finite and slow water permeability by facilitated diffusion into a realm of high 

capacity movement of water directed by water pores. One of the first indications for 

such a protein was an integral membrane protein of 28 kDa in size that was discovered 

in human erythrocytes and kidney tubules [63] without knowing its function. In paral-

lel, other scientists discovered the so-called major intrinsic protein (MIP) family in 
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bovine lens cells [64], as well as in plants and bacteria [65]. Although many scientists 

came close to unveiling the function of these proteins, Peter Agre's group finally suc-

ceeded in 1991 as they isolated and characterized the channel-forming integral protein 

28 (CHIP28) in red blood cells [66]. Water permeability was verified in a way that the 

proteins were selectively permeable for water allowing it to move faster directed by 

the osmotic gradient in Xenopus oocytes by hypo-osmolar swelling [67]. Since its func-

tion of this water pore was verified it was renamed aquaporin 1 (AQP1) in 1993 [68]. 

In 2003, Agre received the Nobel Prize in Chemistry for the discovery of aquaporin wa-

ter channels. Thereupon, other previously discovered water channel proteins were re-

named, such as the lens fiber MIP in humans to AQP0 [69]. 

 

3.2.1 The AQP structure and functional characteristics 

Based on the cDNA sequence, genetic and physical features were elaborated. From the 

coding sequence, consisting of 261-323 amino acids (aa) depending on the isoform in 

humans [70], a shape of a tetramer (Figure 4A) emerges consisting of four identical 

monomers (Figure 4B). Each AQP monomer builds its own aqueous pore and consists 

of six bilayer-spanning helices 1 to 6 connected by five loops A to E. Characteristic in 

almost all aquaporin isoforms is a highly conserved signature element within loop B 

and E, the NPA (asparagine-proline-alanine) motif [71] (Figure 4C). The pore, which 

consists of two such NPA boxes, shapes each monomer into an hourglass structure [72] 

where the narrowest diameter is 3 Å (water has a size of 2.8 Å) [73] (Figure 4D). The 

polar asparagine in the NPA motif forms hydrogen bonds with the oxygen atom of wa-

ter. Since surrounding amino acid residues are nonpolar, the formation of new hydro-

gen bonds is hindered and hydronium ions (H3O+) cannot pass [73, 74]. A second fea-

ture and constriction is the selectivity filter with the ar/R (aromatic/arginine) site near 

the extracellular entrance of the channel [75] (Figure 4C and D). These properties en-

sure selective and single-file transport of permeates as well as regulated gating espe-

cially in oxidative stress situations [76, 77]. 
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Figure 4: Aquaporin structure and the hourglass model 

A: Shown is the cartoon representation of the AQP1 protein (PDB: 1IH5) structured as a tetramer. B: A 

monomer of AQP1 (PDB: 1H6I) as a cartoon model from the top and side is depicted. C: An aquaporin 

monomer is shown as an hourglass model shaped by the NPA motifs of loop B and E. This NPA motif 

stands for the amino acids asparagine-proline-alanine and forms the narrowest part of a monomer, 

allowing the molecules, together with the ar/R (aromatic/arginine) selectivity filter, to pass through 

individually and selectively. D: When N- and C-termini are unfolded, the structure of six membrane-

spanning domains is visible, consisting of six transmembrane helices (1 - 6), five loops (A - E), and the 

NPA motif. This model derives from [66]. Illustrations are modified from [72]. 

 

3.2.2 Structural and functional classification 

For the mammalian aquaporins, 13 isoforms are described (AQP0-12) [71]. Structurally 

based on protein sequencing [78, 79], the AQP isoforms are categorized into three 

main groups (Figure 5): The classical or orthodox aquaporins (AQP0, -1, -2, -4, -5, -6), 

the aquaglyceroporins (AQP3, -7, -9, -10) and the unorthodox aquaporins or 
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superaquaporins (AQP11, -12). AQP8 has evolved phylogenetically independently and 

structurally forms a distinct group named AQP8-related aquaporin but is usually in-

cluded in the group of classical/orthodox aquaporins (Table 1). The names of the 

groups already indicate the different transport properties of the individual isoforms. 

The classical water-specific aquaporins are the largest group, in which some isoforms 

also allow carbon dioxide (CO2), H2O2 or ammonia to pass and AQP6 even permeates 

anions [80]. Aquaglyceroporins are characterized by their ability to transport glycerol 

besides water [81]. The unorthodox aquaporins have been little studied so far. They 

are characterized by a unique NPA motif at the B-loop (NPC for AQP11 and NPT for 

AQP12), which makes them very poorly or not at all permeable to water [78, 82].  

 

 

Figure 5: The phylogenetic tree of human aquaporins 

Aquaporins are divided into three main structural groups: Classical or orthodox aquaporins (AQP0, -1, 

-2, -4, -5, -6) are shown in blue, aquaglyceroporins (AQP3, -7, -9, -10) in purple, and unorthodox aqua-

porins or superaquaporins (AQP11, -12) in gray. AQP8 (red) is categorized either as a separate group 

of AQP8-related aquaporins, or it is also included in the classical/orthodox aquaporin group. Another 

group distributed among all classifications is the group of peroxiporins highlighted in bold (AQP1, -3,  

-5, -8, -9, -11). Modified from [78, 79, 83]. 
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AQP isoforms can also be classified into functional categories that may overlap. This 

also includes the group of aquaglyceroporins, the group of aquaammoniaporins (AQP3, 

-4 -6, -7, -8, -9, -10), and H2O2 transporting peroxiporins (highlighted in bold; AQP1, -3, 

-5, -8, -9, -11) [79, 84, 85]. For overview, the main characteristics of each isoform are 

listed in Table 1. Crystallization of AQPs is complicated due to their hydrophobic na-

ture. Thus, only 7 of 13 isoforms have been structurally elucidated so far (see PDB iden-

tification code).  

 

Table 1: Classification of human aquaporins and their characteristics 

The main characteristics of mammalian aquaporins (AQPs) are summarized. Three subgroups are de-

scribed: The classical/ orthodox AQPs (blue), the aquaglyceroporins (purple) and the unorthodox/ 

superaquaporins (grey). Additionally, H2O2-transporting peroxiporins are highlighted in bold. Beside 

the main characteristics such as permeants and localization, the availability of the protein structure is 

shown and copied from the protein data bank (PDB) https://www.rcsb.org/search. Table information 

are compiled from [78, 79, 86, 87] and additional citations are provided in the table. *AQP8 modeling 

see [88]. 

Iso-
form 

PDB Permeant Distribution Cellular Localization 

Classical/ orthodox AQP 
AQP0 2B6P water eye, skin plasma membrane [89] 

AQP1 1IH5 
water, H2O2 
[90] 

brain, eye, salivary gland, gastro-
intestinal tract, kidney, heart, 
liver, ovary, testis, muscle, eryth-
rocytes, spleen, pancreas, spinal 
cord, skin 

plasma membrane [66] 

AQP2 4NEF water ear, kidney, gastrointestinal tract, 
testis, ovary 

apical plasma membrane [91], 
subapical vesicles [92], endo-
plasmic reticulum [93] 

AQP4 3GD8 water, CO2 
brain, eye, ear, kidney, heart, 
lung, spinal cord, gastrointestinal 
tract, muscle, skin, testis, ovary 

plasma membrane 

AQP5 3D9S 
water, H2O2 
[94], CO2 [95] 

eye, ear, lung, salivary gland, gas-
trointestinal tract, kidney, pan-
creas, testis, ovary, skin 

plasma membrane [96] 

AQP6 
Not 
solved 

water, urea, 
glycerol, ni-
trate [97], ani-
ons [80] 

brain, ear, kidney, ovary intracellular vesicles [98] 

AQP8 
Not 
solved* 

water, urea, 
ammonia [99], 
H2O2 [61, 70, 
100]  

liver, pancreas, testis, ovary, kid-
ney, liver, salivary glands, gastro-
intestinal tract [101] 

plasma membrane [77], inner 
mitochondria membrane 
[102], intracellular vesicles 
[103] 
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Aquaglyceroporin 

AQP3 
Not 
solved 

water, urea, 
glycerol, am-
monia, H2O2 
[61] 

eye, ear, kidney, heart, spleen, 
gastrointestinal tract, respiratory 
tract, lung, erythrocytes, ovary, 
testis, spinal cord, muscle, fat, 
skin 

plasma membrane [104] 

AQP7 6QZJ 
water, urea, 
glycerol, am-
monia 

eye, heart, kidney, gastrointesti-
nal tract, testis, ovary, fat plasma membrane 

AQP9 
Not 
solved 

water, urea, 
glycerol, H2O2 
[105] 

eye, liver, spleen, heart, spinal 
cord, testis, ovary, leucocytes 

plasma membrane [103, 105], 
mitochondrial membrane 
[106] 

AQP10 6F7H 
water, urea, 
glycerol ear, heart, gastrointestinal tract plasma membrane [107] 

Unorthodox AQP/ superaquaporins 

AQP11 
Not 
solved 

H2O2 [108] 
eye, ear, testis, heart, kidney, 
muscle, gastrointestinal tract, tes-
tis, ovary, leucocytes, liver, brain 

endoplasmic reticulum [108, 
109] 

AQP12 
Not 
solved 

unclear pancreas, ovary  

 

3.2.2.1 H2O2 and peroxiporins 

H2O2 occurs in three confirmations, either in the linear, or trans-planar conformation, 

which are nonpolar arrangements, or in the cis-conformation with a permanent dipole. 

This makes it one of the smallest chiral molecules, with both enantiomers occurring in 

equal amounts [30, 110]. The similarities to water are remarkable considering that 

H2O2 is a potentially toxic ROS, shown in Table 2. 

 

Table 2: Similar chemical properties of water and hydrogen peroxide 

Information from [30, 61, 111] 

 H2O H2O2 

dipole moment (esu) 1.85 x 10-18 2.26 x 10-18 

dielectric constant 80.4 73.1 

molecular diameter (Å) ̴ 2.75 3.2 – 3.3 

 

Furthermore, H2O2 has a similar ability to form hydrogen bonds as water [30]. All these 

chemical similarities suggest that the transport of H2O2 is comparable to that of water, 

especially when H2O2 is in the dipole configuration. The aquaporin subgroup of peroxi-

porins (AQP1, -3, -5, -8, -9, -11; highlighted in bold in Figure 5 and Table 1) can facilitate 

the transport of H2O2. The smallest diameter of peroxiporins such as AQP8 is larger 
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compared to orthodox aquaporins (diameter of AQP1 of 2.7 Å [111] to 3 Å [73] vs. 

diameter of AQP8 of 3.2 Å [111] to 3.3 Å [88]) improving the permeability for the larger 

H2O2 molecule.  

 

3.2.3 The role of AQP8 in pancreatic β-cells 

AQP8 is localized in the mitochondrial membrane. It was clearly shown to be located 

in the inner mitochondrial membrane, whereas its localization in the outer mitochon-

drial membrane is still unknown [70, 90, 99, 102, 112]. Its important role as a H2O2 

transport channel in the mitochondria is so far uniquely known for the AQP8 isoform. 

There is only evidence that one AQP9 splicing variant is also expressed in the mito-

chondrial membrane in some neurons in the brain [106]. Especially in pancreatic β-

cells, an efficient transport capacity of H2O2 out of the mitochondria is essential, due 

to the poor expression of antioxidative enzymes [28, 29, 43]. On the one hand, the 

H2O2 concentration is regulated by the formation in the corresponding compartment 

and the presence of H2O2-detoxifying enzymes. On the other hand, since β-cells are 

poorly equipped with antioxidative enzymes, it is even more important that the H2O2 

concentration is kept below a toxic threshold by an efficient transport function to coun-

teract cell death mechanisms [18, 19, 113]. The equation that determines the H2O2 

concentration [30] is shown in Figure 6 using the mitochondrion as an example since 

in type 1 diabetes mellitus, mitochondria are the site of cytokine-mediated H2O2 for-

mation [23, 53]. Thus, AQP8 can be considered as a compensatory protein for H2O2 

detoxification [61], especially in pancreatic β-cells, by facilitating H2O2 transport out of 

mitochondria and eventually out of the cell. Moreover, the mitochondrial volume of β-

cells is significantly lower compared to other cells (4% β-cell [114] vs. 20% hepatocytes 

[115]) and thus the dilution effect could play a particularly important role in β-cells as 

a H2O2 detoxification tool. 
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Figure 6: Equation of H2O2 concen-

tration  

The H2O2 concentration is shown us-

ing the example of mitochondria in β-

cells. It depends on the one hand on 

its production, the influx rate and on 

the other hand on the scavenging en-

zymes (e.g. GPx) and the efflux rate. 

For the transport into and out of mi-

tochondria, AQP8 is important. Equa-

tion is modified from [30]. 

 

In addition, AQP8 is located in intracellular vesicles [103] and its plasma membrane 

insertion has been observed in rat hepatocytes by cAMP [116], by high glucose stimu-

lation in chicken hepatocytes [117] and increased expression was observed through 

glucagon in rat hepatocytes [116]. In insulin-producing RINm5F cells, increased coloca-

lization of AQP8 to the plasma membrane has been determined after cAMP and H2O2 

stimulation [70]. These findings indicate that AQP8 is present vesicularly in the cell and 

its incorporation into the plasma membrane is regulated by certain stimuli. In sum-

mary, it appears to be upregulated and incorporated into the appropriate membrane 

as needed to balance the H2O2 concentration for cell signaling pathways [118] and un-

der redox stress [77]. 
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4 Aims 

Type 1 diabetes mellitus (T1D) is an immune disease in which immune cells attack pan-

creatic β-cells by releasing proinflammatory cytokines (IL-1β, TNF-α, IFN-γ). This leads 

to the formation of superoxide radicals (O2
●-) in the β-cell mitochondria. Reactive O2

●- 

are dismutated to hydrogen peroxide (H2O2) by the mitochondrial MnSOD, whose ex-

pression is upregulated via proinflammatory cytokines. At variance from other cell 

types pancreatic β-cells exhibit a very low or no expression of H2O2-inactivating en-

zymes like catalase, GPx1, GPx7 and GPx8, or Prdx4. Under the pathophysiological con-

ditions of T1D development this can lead to the formation of critical amounts of H2O2 

and highly reactive hydroxyl radicals (●OH) in the Fenton reaction in the mitochondria, 

thereby inducing β-cell death. H2O2 can permeate through biological membranes via a 

subgroup of aquaporins (AQPs) named peroxiporins, that could prevent the accumula-

tion of critical H2O2 concentrations. 

Based on this knowledge, the two main aims of this work were first, to characterize 

AQP8-mediated H2O2 transport in pancreatic β-cells and then to reveal the role of 

AQP8 in cytokine-mediated β-cell failure. In the first publication, general H2O2 perme-

abilities of subcellular locals should be determined using different targeted HyPer sen-

sors, which is a genetically encoded H2O2-sensitive fluorescent protein. The tools es-

tablished in the first work, namely different localized HyPer variants for insulin-produc-

ing RINm5F cells, should be used for the H2O2 level determination and monitoring for 

the following publications. To get an overview of the intracellular H2O2 transporting 

proteins, expression profiles of all AQP isoforms in pancreatic islets from rat and dif-

ferent models of insulin-producing cells should be shown in the second publication. 

This revealed that the isoform AQP8 is expressed in rat β-cells and similarly in the in-

sulin-producing RINm5F rat cell model. On the basis that AQP8 is a previously described 

important peroxiporin and is important at the subcellular level not only for H2O2 
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transport across the plasma membrane but also the mitochondrial membrane, the fo-

cus of this work was given to the AQP8 membrane transport protein. 

Consequently, the following questions were developed for the second publication: 

1) Which subcellular localizations do AQP8 have within the pancreatic β-cell? 

These should be characterized by confocal laser scanning microscopy, as this 

has only been described for other cell types to date.  

2) Generation and establishment of stable AQP8 overexpressing (AQP8↑) and if 

possible, CRISPR/Cas9-mediated AQP8 knock-out (AQP8 KO) or knockdown 

(AQP8 KD) cells should be developed as a suitable tool for studying the role of 

AQP8.  

3) Cell characterizations, such as proliferation rate and insulin content should pro-

vide evidences about the role of AQP8 in redox signaling. 

4) Cellular and subcellular H2O2 permeability should be investigated using HyPer, 

also in combination with D-amino acid oxidase (DAAO) for specific intracellular 

H2O2 generation.  

The third manuscript addresses the role of AQP8 in proinflammatory cytokine-medi-

ated β-cell toxicity in T1D as caused by increased H2O2 production in mitochondria. The 

hypothesis of this manuscript is that proinflammatory cytokines involved in the devel-

opment of T1D alter the expression and functionality of AQP8 to allow a more rapid 

efflux of H2O2 from mitochondria into the surrounding cytosol and ultimately into the 

extracellular space. Since the accumulation of H2O2 promotes the formation of toxic 

●OH radicals via the Fenton reaction, it is reasonable to hypothesize that downregu-

lated AQP8 expression might increase the mitochondrial H2O2 concentrations that 

could exacerbate proinflammatory cytokine toxicity in pancreatic β-cells.  

1) First, AQP8 expression of pancreatic islets from acutely diabetic LEW.1AR1-iddm 

rats, an animal model of T1D should be compared with islets of non-diabetic 

rats. In parallel, AQP8 expression should be determined in insulin-producing 

RINm5F cells after treatment with proinflammatory cytokines in comparison 

with untreated cells, respectively. 
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2) Furthermore, viability, ROS formation, caspase activities, and lipid peroxidation 

of AQP8↑ and AQP8 KD cells should be determined after cytokine treatment to 

elucidate possible AQP8-dependent apoptotic and ferroptotic signaling path-

ways regarding T1D manifestation.  

3) Finally, to understand the functionality of AQP8 in the context of cytokine-me-

diated cell death, cytokine-incubated RINm5F cells should be perifused with 

H2O2 and live-cell imaging should be performed to monitor HyPer activation.  

Thus, the goal of the third project was to explain the underlying mechanisms of the 

presumed increased toxicity by proinflammatory cytokines in AQP8 KD cells. Is it be-

cause oxidative stress-induced H2O2 efflux from mitochondria is dependent on the ex-

pression of functional peroxiporins? What is the role of the peroxiporin AQP8 in T1D 

and which possible conclusions can be drawn to understand the reduced pancreatic β-

cell viability in in type 1 diabetes mellitus? 
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Graphical abstract: 

 

 

 

Highlights: 

• H2O2 can travel within compartments of insulin-producing cells. 

• Membranes of the cell and organelles represent a diffusion barrier for H2O2. 

• Accelerated decomposition of H2O2 by catalase retards HyPer sensor reaction to 

H2O2. 

• Incorporation of PA into the peroxisomal membrane makes it more permeable 

for H2O2 
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Supplementary material 

 

Fig. S1. Effects of co-expression of catalase on HyPer ratio changes in insulin-producing 
cells. Insulin-producing RINm5F cells stably expressing the H2O2 sensor protein HyPer 
(A) in the peroxisomes (HyPer-Peroxi) alone or with co-expressed peroxisomal catalase 
(Peroxi-Cat), (B) at the cytosolic face of the ER membrane (HyPer-ERM) alone or with 
co-expressed ER catalase N244 (ER-Cat N244) or (C) at the cytosolic face of the plasma 
membrane (HyPer-PM) alone or with co-expressed peroxisomal catalase (Peroxi-Cat) 
were analysed by flow cytometry immediately after treatment with different concen-
trations of H2O2 (incubation time: 10 s). The HyPer fluorescence ratio, which increases 
with increasing H2O2 concentrations, was measured at 488/527 nm/405/527 nm. Data 
are means ± SEM from 3-6 independent experiments. *p<0.05 (t-test, unpaired, two-
tailed). 
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Fig. S2. Reaction of the HyPer sensor protein during perifusion is specific for H2O2 and 
not affected by pH changes. RINm5F insulin-producing cells stably expressing the spe-
cific H2O2 sensor protein HyPer or the pH sensitive sensor protein SypHer (A) in the 
cytosol (HyPer-Cyto, SypHer-Cyto) or (B) in the peroxisomes (HyPer-Peroxi, SypHer-
Peroxi) were seeded on collagen-coated glass coverslips 24 h prior to analysis. Cells 
were perifused with medium containing 20 µM H2O2. Live cell fluorescence microscopic 
imaging of the HyPer and SypHer sensor was performed by excitation at 500/24 nm 
and 436/10 nm and emission at 542/27 nm. Data are means of 7-10 independent ex-
periments. 
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Fig. S3. Hydrogen peroxide detection via flow cytometry in insulin-producing cells ex-
pressing the H2O2 sensor HyPer or the pH sensor SypHer in the cytosol or the peroxi-
somes. Insulin-producing RINm5F cells stably expressing the H2O2 sensor protein HyPer 
or the pH sensitive sensor protein SypHer (A) in the cytosol (HyPer-Cyto, SypHer-Cyto) 
or (B) in the peroxisomes (HyPer-Peroxi, SypHer-Peroxi) were analysed by flow cytom-
etry immediately after treatment with different concentrations of H2O2 (incubation 
time: 10 s). The HyPer and SypHer fluorescence ratios were measured at 488/520 
nm/405/520 nm. Data are means ± SEM from 5 to 14 independent experiments. 
***p<0.001 (t-test, unpaired, two-tailed). 
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Fig. S4. Co-expression of peroxisomal catalase in insulin-producing cells lead to abol-
ishment of differences in membrane permeability caused by FFA incubation. RINm5F 
cells stably expressing the specific H2O2 sensor protein HyPer in the peroxisomes (Hy-
Per-Peroxi) and co-expressing peroxisomal catalase (Peroxi-Cat) were seeded on colla-
gen-coated glass coverslips 48 h prior to analysis. The cells were incubated with pal-
mitic acid (PA; red) or oleic acid (OA; blue) dissolved in 90% ethanol (50 mM) and used 
at a final concentration of 50 µM in RPMI 1640 with 0.1% BSA and 1% fetal calf serum 
for 24 h. Control cells (Control; black) were treated with the same amount of ethanol 
and BSA but without PA or OA. (A) Cells were perifused with medium containing 20 µM 
H2O2. Live cell fluorescence microscopic imaging of the HyPer sensor was performed 
by excitation at 500/24 nm and 436/10 nm and emission at 542/27 nm. (B, C) Reaction 
time of the H2O2 sensor protein HyPer was defined as the minimum turning point of 
the HyPer fluorescence ratio. Data are means ± SEM of 5-6 independent experiments.  
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Fig. S5. Subcellular localisation of HyPer sensor protein in insulin-producing RINm5F 
cells. Insulin-producing RINm5F cells stably expressing the H2O2 sensor protein HyPer 
(A) in the cytosol, (B) at the cytoplasmic face of the plasma membrane, (C-E) in the 
mitochondria, (F-H) in the peroxisomes, or (I-K) at the cytoplasmic face of the ER mem-
brane were seeded on chamber slides overnight. After fixation and permeabilization 
all cell types except HyPer-Cyto and HyPer-PM cells were stained for cytochrome c   



Publication 1: H2O2 permeabilities of cellular membranes in insulin-producing cells 

54 

 

 

oxidase (COX IV, red), peroxisomal membrane protein 70 (PMP70, red) or protein di-
sulphide isomerase (PDI, red) followed by counterstaining with DAPI (blue). The HyPer 
sensor protein was detected through excitation at 436 nm and emission at 542 nm 
(green) for all localisations apart from the ER membrane localised HyPer. Here the cells 
were stained for HyPer using anti-TAG(CGY)FP antibody (green). The scale bar equals 
10 µm. 
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Fig. S6. Re-analysis of HyPer-Cyto fluorescence in the basal state of perifusion experi-
ments. RINm5F cells expressing HyPer in the cytosol were seeded on collagen-coated 
glass coverslips 24 h prior to analysis. Cells were perifused with HEPES-supplemented 
Krebs-Ringer bicarbonate medium. A live cell fluorescence microscopic image of the 
HyPer sensor was recorded by excitation at 500/24 nm and 436/10 nm and emission 
at 542/27 nm. Regions of interest were placed in the centre (nucleus) and the periph-
ery of the cells. HyPer fluorescence ratio was calculated separately for each localisation 
and normalized to the fluorescence of the whole cell. Data are means ± SEM of 6 inde-
pendent experiments. ***p<0.001 (t-test, unpaired, two-tailed). 
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Fig. S7. Effects of catalase overexpression on H2O2 toxicity in insulin-producing cells. 
(A) To prove functional expression of catalase in the peroxisomes of HyPer expressing 
insulin-producing RINm5F cells, the enzyme activity was determined in lysates after 
stable lentiviral transduction. Catalase activity in units per mg protein is shown for cells 
expressing HyPer-Peroxi alone or with co-expressed peroxisomal catalase (Peroxi-Cat). 
Data are means ± SEM from 9-10 independent experiments. ***p<0.001 compared 
with non-catalase expressing cells (t-test, unpaired, two-tailed). (B, C) RINm5F cells ex-
pressing HyPer-Peroxi alone or with co-expressed peroxisomal catalase (Peroxi-Cat) 
were treated with the indicated H2O2 concentrations for 2 h. H2O2 incubation medium 
was replaced by fresh culture medium for the next 22 h. Cell viability was then deter-
mined by MTT assay and expressed as % of untreated cells. Data are means ± SEM from 
5-9 independent experiments. *p<0.05, **p<0.01, ***p<0.001 compared with non-
catalase expressing cells (t-test, unpaired, two-tailed). 
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Fig. S8. Effects of catalase overexpression on H2O2 toxicity in insulin-producing cells. 
(A) To prove functional expression of catalase in the ER of HyPer expressing insulin-
producing RINm5F cells, the enzyme activity was determined in lysates after stable len-
tiviral transduction. Catalase activity in units per mg protein is shown for cells express-
ing HyPer-ERM alone or with co-expressed ER catalase N244 (ER-Cat N244). Data are 
means ± SEM from 9-11 independent experiments. ***p<0.001 compared with non-
catalase expressing cells (t-test, unpaired, two-tailed). (B, C) RINm5F cells expressing 
HyPer-ERM alone or with co-expressed ER catalase N244 (ER-Cat N244) were treated 
with the indicated H2O2 concentrations for 2 h. H2O2 incubation medium was replaced 
by fresh culture medium for the next 22 h. Cell viability was then determined by MTT 
assay and expressed as % of untreated cells. Data are means ± SEM from 5-9 independ-
ent experiments. *p<0.05, **p<0.01, ***p<0.001 compared with non-catalase ex-
pressing cells (t-test, unpaired, two-tailed). 

  



Publication 1: H2O2 permeabilities of cellular membranes in insulin-producing cells 

58 

 

 

 

Fig. S9. Effects of catalase overexpression on H2O2 toxicity in insulin-producing cells. 
(A) To prove functional expression of catalase in the peroxisomes of HyPer expressing 
insulin-producing RINm5F cells, the enzyme activity was determined in lysates after 
stable lentiviral transduction. Catalase activity in units per mg protein is shown for cells 
expressing HyPer-PM alone or with co-expressed peroxisomal catalase (Peroxi-Cat). 
Data are means ± SEM from 4-5 independent experiments. ***p<0.001 compared with 
non-catalase expressing cells (t-test, unpaired, two-tailed). (B, C) RINm5F cells express-
ing HyPer-PM alone or with co-expressed peroxisomal catalase (Peroxi-Cat) were 
treated with the indicated H2O2 concentrations for 2 h. H2O2 incubation medium was 
replaced by fresh culture medium for the next 22 h. Cell viability was then determined 
by MTT assay and expressed as % of untreated cells. Data are means ± SEM from 5-7 
independent experiments. *p<0.05, **p<0.01, ***p<0.001 compared with non-cata-
lase expressing cells (t-test, unpaired, two-tailed). 
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Graphical abstract: 

 

  



Publication 2: The crucial role of AQP8 in insulin-producing RINm5F cells 

61 

 

 

Highlights 

• AQP8 KO is lethal for insulin-producing RINm5F cells. 

• The peroxiporin AQP8 is localized in the plasma and mitochondrial membrane 

channeling H2O2 in RINm5F cells. 

• Tet-On regulated low AQP8 re-expression and APQ8 overexpression are feasible 

models to study H2O2 transport in β-cells. 

• Overexpression of AQP8 increases cell proliferation and cellular insulin content. 
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Supplementary material 

Supplementary table 1: Sequences of RT-qPCR rat primers 

RT-qPCR forward and reverse primers of the genes from the isoforms AQP0-12 (except AQP10, including the 

endogenous, native AQP8endo and the exogenous AQP8exo) are shown in blue. The primers for the genes of the 

three stable reference genes glucose 6-phosphate dehydrogenase (G6PDH), beta-2 microglobulin (B2M) and TATA 

box binding protein (TBP) are shaded with grey. 

 

  

Gene Forward primer Reverse primer 

AQP0 CAGCAACCACTGGGTGTACT CACTCTTGAGCCGTGGGAAG 

AQP1 ACCTGCTGGCCATTGACTAC CCAGGGCACTCCCAATGAAT 

AQP2 TGTCTCCTTCCTTCGAGCTG TTGTGGAGAGCATTGACAGCC 

AQP3 CATGGGTCGACAGAAGGAGT CCACAGCCGAACATCACAAG 

AQP4 CCAGGGAAGGCATGAGTGAC CAGACGCCTTTGAAAGCCAC 

AQP5 GGCCATCTTGTGGGGATCTAC CCACAATAGGCCCTACCCAG 

AQP6 TTGCTTCCATGGACAGTCGG CAGCCAGTGAAGTAGATCCCA 

AQP7 CAGGGCTGCAGGTCCAC CTCACGCACCCAAGTCTTCT 

AQP8endo ATATGTCTGGGGAGCAGACGC ATGCCATGGTAACTGTCAGCC 

AQP8exo CAGACGCCTATGTGCTCCAT AGCCCAAAAGTTCCACCACA 

AQP9 TTGCCTGGGGAAGTCAATACA CAAGCCCAACTCTGGGTACG 

AQP11 CCTCACAGGAGCGCTGTTTA AGTACGCCTAGAGAAGGAGCA 

AQP12 CCCTACACGTCTGCCTTCTTC GATCATCCCTGCCACAGGACC 

G6PDH CATCCGCAAACAGAGTGAGCCC TGGCCAGCTACATAGGAGTTACGG 

B2M TGCTTGCAGAGTTAAACACGTCAC AACTGGTCCAGATGATTCAGAGCTC 

TBP CAGCTCGGCGCACCGTACAT TCTGGGTTATCGTCACGCACCA 

 1 
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Supplementary figure 1: Standards for absolute qPCR analysis 

A: Standards for all aquaporins AQP0 to 12. B: Standards for three reference genes. To gen-

erate standard DNA for absolute RT-qPCR analyses amplicon DNA of the aquaporin isoforms 

AQP0 to 12 and the three reference genes glucose 6-phosphate dehydrogenase (G6PDH), 

beta-2 microglobulin (B2M) and TATA box binding protein (TBP) was cloned into the plasmid 

pCR2.1 (Thermo Fisher Scientific) by TOPO TA cloning technique according to the manufac-

turer's manual. The number of copies per μl was calculated from the molecular weight and the 

concentration of the plasmid preparations. These plasmid DNAs were used in a concentration 

range of 102 to 108 copies as a standard for the RT-qPCR analyzes. The mean correlation 

coefficient r2 of the standard regression lines was 0.985 ± 0.003.  
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Supplementary table 2: Generation of stable AQP8 KD cell line 

A and B: Shown is a tabular illustration of the sgRNA regions for the recognition motifs 

rAQP8(1) in exon 2 and rAQP8(2). The PAM sequence is highlighted in grey at the wild-type 

sequence (wt), representing the AQP8endo gene, in row 2, changed base pairs are colored in 

red here and the according amino acids are shown in the first row that remain the same after 

silent mutations. The codon efficiency was calculated for the species ‘rattus norwegicus’ 

(rAQP8) and changed percentages are shown in row 4. The alterations in the mutant sequence 

(mt), representing the AQP8exo gene, are shown in red when the codon efficiency is improved 

and in yellow when the codon efficiency is lowered. The letter colored in green represents a 

changed base pair that enables the coding of the same amino acid, however, it is not part of 

the sgRNA sequence. The AQP8exo gene has 8 silent mutations (sg-rAQP8(1) region) in exon 

2 and 6 silent mutations in exon 3 (sg-rAQP8(2) region), thus 14 bases were modified. C: 

Sequencing result from AQP8 KD gDNA showing the recognition motif of CRISPR/Cas9 for 

AQP8(1) in exon 2 (red rectangle) beginning with the PAM sequence and thus the side of 

modification. Before the marking, the sequence is to the highest quality (green line). After the 

recognition motif, the sequence quality becomes of low quality (yellow and red line) as different 

sequences overlap – CRISPR/Cas9 cut at the targeted motif. 

 

  

A

sg-rAQP8 region

Amino acids Pro Met Cys Ser Met Asp Leu Arg

wt recognition CCG ATG TGT AGT ATG GAC CTA CGT

mt No recognition CCT ATG TGC TCC ATG GAT CTC AGG
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Supplementary table 3: Analysis of potential off-targets sites 

An in silico off-target sites analysis with the online tool CCtop revealed ten potential genes that 

could be affected. In the sequences of the potential AQP8 sgRNA binding sites, mismatch 

bases are depicted in red. Gene loci flanking the potential AQP8 sgRNA binding sites were 

amplified by PCR with the specified primers. The PCR amplicons were sequenced in 5’ and 3’ 

direction using the PCR primers. No Off-target effects were found. 

 

  

Gene Potential sgRNA binding site FW Primer RV Primer 

Lins1 TTTCTGTCCATACTACACAT TATGCTAGGCCCCAGTAGAGG AATGGTGGGCACACTCGTTC 

Tanc2 CTGAGGTCCACATTACACAT TTACCATGACCACCTTGTTCTGA TCAGTGATCCCCTATCATCCCA 

B3galt1 CGTTAGTCCATGTTACACAT GCTCGGACTCACGGGAT ACTTAATGATTCTGTCTGAGTGGG 

Cngb1 CGCAGGTGTATACTACACCT ATTGCTGCCATGTGTGTATATG AACAGCCAAAGAAGAGGGGG 

Slc39a12 CTTAGGTCCATACTAAATAT AGCAATGGACAAAGTGTCTGGT GTCTGCTTATCGCTATTGTCACAT 

Wdr64 TGTAGGTACATGCTACACAA TGGATCCCTCAAAAATTGGCAT TTCGTATTGGGTTGACGCTC 

  TCGAGTCTGGAGGGGTGGA CGCTCACTCAGGATGATGTTC 

Tbxas1 CCGTGGGGCTAATTTCCTAC CCTAGGAAACACCAAGAGAACCA CAATACTTAGCACCGCCGTT 

Slc22a3 CGATGGTGCTAGTTTCCTAC CACAGTTCAGAACATCGAGGACT CGAGGACACTCAAGCGAACG 

  CAAGACACTCCAGAGGAACCTCC GATGTGTCGCGAGGACACTC 

Col15a1 CCAGGTTGCTAATCGCCTAC GGCACTCATGCCCCCTCATT CTGTCACCTCCTTGAAAATGCC 

Adamtsl1 ACATTCTGCAAATTCCCCAC CCACAGACACAGACCTCACC CTTGGGACACATCCTGGCAT 

 1 
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Supplementary figure 2: Generation of stable AQP8 KD cell line 

A: Primer specificity of the endogenously expressed AQP8 (AQP8endo) and the artificially 

designed AQP8 (AQP8exo) is shown using a standard curve from 102-108 copies. B: Absolute 

transcript abundance of AQP8 endo and AQP8exo were measured in RINm5F mockTet cells 

by RT-qPCR 72 h after doxycycline exposure and the responses of different doxycycline con-

centrations (0-1000 nM) were analyzed. Shown are means ± CV% of 3 experiments each. 

  

A B
AQP8endo

10 - 1 100 101 102 103 104 105 106 107 108 109

0

10

20

30

40

primer efficiency: 82.25 %

R2: 0.999

Quantity

C
T

AQP8exo primer; target: AQP8endo

10 - 1 100 101 102 103 104 105 106 107 108 109

0

10

20

30

40

R2: 0.449

Quantity

C
T

AQP8exo

10 - 1 100 101 102 103 104 105 106 107 108 109

0

10

20

30

40

primer efficiency: 83.56 %

R2: 0.996

Quantity

C
T

AQP8endo primer; target: AQP8exo

10 - 1 100 101 102 103 104 105 106 107 108 109

0

10

20

30

40

R2: 0.366

Quantity

C
T

0 10 50 100 500 1000
0

10

20

30

40
AQP8endo

AQP8exo

Doxycycline [ng/mL]

A
b

s
. 

g
e
n

e
 e

x
p

re
s
s
io

n

(A
Q

P
/ 

th
re

e
 r

e
fe

re
n

c
e
 g

e
n

e
s
)

(x
-f

o
ld

 o
f 

A
Q

P
8
e
n

d
o

 c
o

n
tr

o
l)



Publication 2: The crucial role of AQP8 in insulin-producing RINm5F cells 

79 

 

 

 

Supplementary figure 3: Cell size and volume of RINm5F cells with AQP8↑ and AQP8 

KD 

A and B: Cell diameters of AQP8 overexpressing and KD cells are shown, n=1881-2438 cells. 

***p≤0.001 compared to mock; followed by Dunnett. C and D: Real-time deformability cytom-

etry [64] is used to measure the area (C) and volume (D) of each AQP8↑ and AQP8 KD cells. 

Shown are means ± SEM of 3 experiments; each including 10,000 events. *p≤0.05 compared 

to mock; statistical analysis by linear mixed model.  
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Supplementary figure 4: Cell viability after exposure of hydrogen peroxide in insulin-

producing RINm5F AQP8 overexpressing and AQP8 KD cells.  

A: RINm5F cells with AQP8 overexpression and KD were seeded in 96-well plates, for each 

clone 5,000 cells per well (n=6) and each average was taken as one single experiment and 

treated with different concentrations of H2O2 in Krebs-Ringer + 5 mM D-Glucose for 2 h. To 

determine viability, the microplate based MTT assay [65] was used and measured after 24 h 

of H2O2 incubation at an absorbance of 562/650 nm. Shown are means ± SEM of 4 experi-

ments each. B: The EC50 values of these experiments were analyzed: mock: 28.0 ± 2.3 µM; 

AQP8↑: 30.2 ± 1.7 µM; mockTet: 33.3 ± 1.8 µM and AQP8 KD: 30.1 ± 2.1 µM H2O2.  
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Supplementary figure 5: Mathematical analysis of HyPer response 

A: Measured, normalized, and averaged data of a representative HyPer-ratio-over-time-curve 

of one experimental set is shown in black. These data are interpolated and fitted by a polyno-

mial function f(x), shown in red. The maximal slope characterized by the inflection point (IP) 

indicates the maximal HyPer response. B: The first derivative of the fitting polynomial function 

f’(x) is depicted in a red dotted line. The f’(x)-value in the inflection point provides the maximal 

slope of the curve. For our experimental design, the maximal slope of a HyPer-ratio-over-time-

curve is taken as a measure of the H2O2 permeability across a lipid bilayer in dependence of 

the time.  
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Supplementary table 4: Overview of C-terminal characteristics for all AQP isoforms 

All aquaporin sequences (peroxiporins are labelled in blue) were analyzed using PSI/TM-Cof-

fee [53] for the alignment of the amino acid (aa) sequences, that were visualized using ESPript 

- https://espript.ibcp.fr [54]. The charge of the C-terminus was calculated by the Peptide Cal-

culator (Bachem, Bubendorf, Switzerland). * C-terminus ends with alpha helix, ** di-lysine en-

doplasmic reticulum retention motif [42]. 
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8.3 Manuscript 3: The importance of AQP8 in cytokine-mediated 

toxicity in rat insulin-producing cells 

This is the author’s original manuscript of an article published as revised version after submission 
of this thesis: KRÜGER, Christina; JÖRNS, Anne; KAYNERT, Jonas; WALDECK-WEIERMAIR, Markus; 
MICHEL, Thomas; ELSNER, Matthias; LENZEN, Sigurd: The importance of aquaporin-8 for cytokine-
mediated toxicity in insulin-producing cells. Free Radic Biol Med 2021 Oct; 174:135-143.  
doi: 10.1016/j.freeradbiomed.2021.08.003 

 

 

Graphical abstract: 

 

 

The schematic pieces were provided by Smart Medical Art and adapted (https://smart.servier.com/image-set-download/). Ser-

vier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License 
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Highlights: 

- IL-1β mediates AQP8 overexpression in pancreatic β-cells in vivo and in 

vitro, possibly via an NF-κB consensus sequence in the promoter.  

- Expression of AQP8 reduces cytokine-mediated toxicity to insulin-produc-

ing RINm5F cells by transporting H2O2 out of the mitochondrial site of 

origin.  

- AQP8 KD increases cytokine toxicity by apoptosis and ferroptosis medi-

ated by ●OH radicals formed as a result of increased H2O2 generation in 

the mitochondria. 
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Abstract 

Aquaporin-8 (AQP8) is a peroxiporin, i.e., a transmembrane water and hydrogen peroxide (H2O2) 

transport protein expressed in the mitochondrial and plasma membranes of pancreatic β-cells. 

AQP8 protein expression is low under physiological conditions, whereas it increases after cyto-

kine exposure both, in vitro and in vivo, possibly related to a NF-κB consensus sequence in the 

promoter. AQP8 knockdown (KD) insulin-producing RINm5F cells are particularly susceptible to 

cytokine-mediated oxidative stress. Cytokine (a mixture of IL-1β, TNF-α, and IFN-γ) treated AQP8 

KD cells exhibited pronounced sensitivity to reactive oxygen and nitrogen species (ROS and 

RNS), resulting in a significant loss of β-cell viability due to enhanced toxicity of the increased 

concentrations of H2O2 and hydroxyl radicals (●OH) in mitochondria of AQP8 KD cells. This via-

bility loss went along with increased caspase activities, reduced nitrite concentration (representa-

tive of nitric oxide (NO●) accumulation) and increased lipid peroxidation. The explanation for the 

increased toxicity of the proinflammatory cytokines in AQP8 KD cells resides in the fact that efflux 

of the H2O2 generated during oxidative stress in the β-cell mitochondria is hampered through the 

loss of the peroxiporin channels in the mitochondrial membranes of the AQP8 KD cells. The in-

creased proinflammatory cytokine toxicity due to loss of AQP8 expression in the KD β-cell mito-

chondria is thus the result of increased rates of apoptosis. This decreased cell viability is caused 

by increased levels of oxidative stress along with a ferroptosis-mediated cell death component 

due to decreased NO● generation. 
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Abbreviations  

AQP, aquaporin; AQP8↑, RINm5F cells overexpressing AQP8; AQP8 KD, RINm5F cells with 

AQP8 knockdown; Fer-1,Ferrostatin-1; GPx1, glutathione peroxidase-1; iNOS, nitric oxide syn-

thase; MnSOD, mitochondrial manganese superoxide dismutase; Mock, RINm5F cells trans-

duced with an empty vector; MockTet, RINm5F cells with an empty Tet-regulated vector; tBHP, 

tert-butyl hydroperoxide.  
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1. Introduction 

Increased concentrations of reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

are formed during development of type 1 diabetes through the action of proinflammatory cytokines 

[1–3]. The β-cells in the pancreatic islets are particularly vulnerable due to a low antioxidative 

defence status [4]. During type 1 diabetes development, an autoimmune disease, mostly macro-

phages and different T cells infiltrate the islets of Langerhans in the pancreas, which are activated 

by β-cell antigens and cytotoxic proinflammatory cytokines, such as IL-1β, TNF-α and to a lesser 

extent IFN-γ leading to apoptotic β-cell death in human islets and islets of animal models of human 

type 1 diabetes [5–9]. These proinflammatory cytokines also cause dysfunction and death of in-

sulin-producing cells under in vitro conditions [1,10]. IL-1β alone and in combination with TNF-α 

and IFN-γ cause formation of ROS in the mitochondria [11,12] and of RNS through inducible nitric 

oxide synthase (iNOS) upregulation [13] via the nuclear transcription factor-kappa B (NF-κB) [14]. 

Consequently, superoxide radicals (O2
●-) and nitric oxide (NO●) are generated in different cellular 

compartments, that modulate signalling pathways [12]. O2
●- is dismutated to hydrogen peroxide 

(H2O2) by the mitochondrial manganese superoxide dismutase (MnSOD, induced by IL-1β 

[15,16]. To cross membranes, H2O2 travels through peroxiporins. Peroxiporins are aquaporins, 

water transporting protein channels that facilitate transmembrane H2O2 transport. We recently 

reported that AQP8 is located in the mitochondrial and plasma membranes of insulin-producing 

β-cells [17]. To elucidate the role of AQP8 in insulin-producing β-cells we both overexpressed 

(AQP8↑) and knocked down AQP8 (AQP8 KD) in RINm5F cells, a rat insulin-producing β-cell line, 

and were able to document an important function of H2O2 membrane permeability via AQP8 chan-

nels. In particular, the mitochondrial localisation of AQP8 makes this peroxiporin interesting for 

elucidating the role of H2O2 transport in cytokine-mediated β-cell toxicity. In the present study, we 

investigated this question under the assumption that H2O2 remains trapped in the mitochondria 

when AQP8 expression is repressed. Thereby, H2O2 concentrations under the influence of proin-

flammatory cytokines increase more profoundly in the mitochondria and thus may make this or-

ganelle more prone to the toxic action of hydroxyl radicals (●OH) formed in the Fenton reaction 

from H2O2 [2,18]. This is particularly relevant in view of the low capacity for H2O2 inactivation due 

to the weak glutathione peroxidase-1 (GPx1) expression in the β-cell mitochondria [3,19,20].  

 

2. Materials and Methods 

2.1 Immunohistochemical staining and densiometric measurements  

Pancreases of acutely diabetic and non-diabetic LEW.1AR1-iddm (IDDM) rats with an inci-

dence of 60% - for details of the rat model for human type 1 diabetes see [21] - were fixed in 
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4% paraformaldehyde (in 0.15 M PBS, adjusted at pH 7.3), embedded in paraffin and sec-

tioned for immunohistochemically staining. As primary antibodies, AQP8 antibody (1:200) 

(AQP81-A, alpha diagnostic, San Antonio, TX, USA) and insulin (1:100) (A0564, Agilent 

DAKO, Santa Clara, CA, USA) were used, which were stained species-specifically with sec-

ondary antibodies conjugated either to the red fluorescent dye Cy3 or as green visualization 

with the green fluorescent dye Cy2 (MoBiTec, Göttingen, Germany). Moreover, the nuclei were 

stained with DAPI (4′,6-diamidino-2-phenylindole) in Vectashild HardSet Antifade Mounting 

Medium (H-1500-10, Vector Laboratories, Burlingame, CA, USA). The use of non-immune se-

rum antibodies with species-specificity showed no specific staining in the pancreatic islets to 

verify AQP8 specificity. Densities of AQP8 and insulin immunofluorescence staining in the β-

cells of islets without infiltration in the non-diabetic and with immune cell infiltration in the 

acutely diabetic IDDM rats were quantified densitometrically as previously described [22]. Us-

ing the cell P software (Olympus, Hamburg, Germany), the fluorescence illumination was sep-

arated into the red (AQP8) and green channel (insulin) for both dyes, Cy3 and Cy2, and em-

ployed using the BX61 upright microscope (Olympus). Immunofluorescence staining data from 

10 β-cells per group (n=4 in each group) were analysed containing a sectioned nucleus. 

 

2.2 Cell culture and cell treatments  

RINm5F cells (RRID: CVCL_0501; ATCC CRL-11605, Manassas, VA, USA) were maintained 

in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10 mM glucose, supple-

mented with fetal calf serum (FCS) (10%, v/v) and penicillin plus streptomycin (1%, v/v) and 

cultivated in a humidified atmosphere (60%) at 37 °C and 5% CO2. Cells were plated onto 

culture dishes of different sizes according to the experimental approach. For the cytokine treat-

ment (PromoCell, Heidelberg, Germany), two different conditions were performed: IL-1β only 

with a concentration of 200 U/ml; and a cytokine mixture composed of 160 U/ml of IL-1β, 200 

U/ml of TNF-α and 100 U/ml of IFN-γ. Some incubation experiments were performed in cell 

culture medium and others in a Krebs-Ringer solution (KR) composed of (in mM) 115 NaCl, 

10 HEPES, 4.7 KCl, 2.5 CaCl2, 1.2 KH2PO4, 1.2 MgSO4, 20 NaHCO3, 5 D-glucose and 0.1% 

albumin, adjusted to pH 7.4 with NaOH [23].  

 

2.3 Absolute and relative gene expression quantification by RT-qPCR  

After RNA isolation using the NucleoSpin® RNA Plus kit (Macherey-Nagel, Düren, Germany) 

and reverse transcription, 10 ng cDNA was utilized for RT-qPCR in a 10 µl solution; corre-

sponding primers for rat and the GoTaq® qPCR master mix (Promega, Madison, WI, USA) 

were added. Primer designs were performed in the gene database of the National Center for 



Manuscript 3: The importance of AQP8 in cytokine-mediated toxicity in rat insulin-producing cells 

 

91 

 

Biotechnology Information (NCBI) (Supplementary table 1). According to the oligonucleotide 

properties calculator “Oligo Calc”, potential self-annealing sites were precluded. For an abso-

lute DNA quantification, the copy number of each cloned cDNA product was calculated and 

diluted in 102 steps at a range of 102 - 108 copies per sample indicating and thus taking each 

primer efficiency into account. Each sample was then interpolated by the Xlog10 standard curve 

and referred to the mean of three reference genes that are not cytokine regulated. Cytokine 

regulation was tested beforehand of nine potential reference genes (Supplementary Fig. 1). 

Relative transcript abundance was determined using the qBase+ qPCR analysis software. 

 

2.4 AQP8 overexpressing and AQP8 KD insulin-producing RINm5F cells  

RINm5F cells with AQP8 overexpression (AQP8↑) and AQP8 knockdown (KD) were generated 

as described [17]. In short, absolute AQP8 transcript abundance of AQP8↑ cells is approx. three 

times higher than their mock control cells. The Tet-On regulated AQP8 KD cells were stably trans-

duced with an exogenous AQP8 variant that is not detectable by the designed sgRNA of 

CRISPR/Cas9. The endogenous AQP8 gene is fully knocked out stably identified by sequencing. 

However, a complete AQP8 knockout was found to be lethal for the insulin-producing RINm5F 

cells; only the leakiness of the Tet-On system, which results in a AQP8 KD of about 60%, ensured 

the survival of these cells. 

 

2.5 Cell viability assay  

RINm5F AQP8↑ and AQP8 KD cells were seeded 24 h before incubation with different cytokines 

for 72 h at 96 microplates. As viability control, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide) assay was used according to [24]. In short, 1 mM MTT reagent (Serva Elec-

trophoresis GmbH, Heidelberg, Germany), diluted in KR + 5 mM D-Glucose was added to the 

cells for 40 min at 37 °C. In living cells, the MTT is then reduced to insoluble formazan, which is 

not the case for dead cells. After adding DMSO as solvent the ratio of the absorbance of 650 nm/ 

562 nm was determined. 

 

2.6 ROS quantification  

AQP8 KD RINm5F cells were treated for 72 h with cytokines to produce measurable ROS, 24 

h after cell seeding. Nonspecific ROS formation was determined by the fluorescent compound 

2',7'-dichlorofluorescin-diacetate (DCF-DA) (287810, Merck, Burlington, MA, USA). 24 h after 

cell seeding at a black 96-well microtiter plate, the AQP8↑ and AQP8 KD cells were incubated 

with DCF-DA for 30 min at 37 °C. Thereafter, the cells were treated with cytokines for 72 h and 
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quantified by a fluorescence plate reader at 480 nm and 530 nm. To determine specifically 

hydroxyl radicals, we performed the same procedure as described for the DCF-DA incubation, 

except that the cells were stained with hydroxyphenyl fluorescein (HPF) (Cayman Chemical, 

Ann, Arbor, MI, USA) for 30 min and measured at excitation/emission maxima of 490/515 nm. 

Using the Griess reagent system kit (Promega) the concentration of nitrite accumulation was 

determined spectrophotometrically at 562 nm. 

 

2.7 Caspase activity assays and apoptosis studies  

The activation of caspase-8 or -9 in insulin-producing AQP8 KD RINm5F cells 24 h after cyto-

kine treatment was measured using luminescence-based assays Caspase-Glo 8 or 9 assays 

(Promega) with a 96-well plate reader. For the quantification of caspase-12 activation after 

cytokine stimulation the cells were stained with a green fluorescence assay kit from PromoCell 

and analysed by flow cytometry. For a later stage of apoptosis, cells were incubated with cy-

tokines at a 96-well plate for 72 h and treated using the Caspase-Glo 3/7 assay kit (Promega) 

to measure luminescence using a plate reader.  

 

2.8 Lipid peroxidation stimulation and determination  

RINm5F cells with different AQP8 levels were seeded 24 h before treatment on 24 well plates. 

Two different experimental setups were designed, in which both incubations were performed 

at 37 °C, 5% CO2 and 60% humidity. The cells were either treated with the cytokine mixture 

(see cell culture and cell treatments) for 72 h or seeded cells were incubated with 50 µM tert-

butyl hydroperoxide (tBHP) (Sigma-Aldrich, St. Louis, MO, USA) in KR without glucose for 2 h 

followed by 1.5 h incubation with RPMI cell culture medium only. Moreover, the radical-trapping 

antioxidant ferrostatin-1 (Fer-1) (Sigma-Aldrich) was used for this experiment; cells were 

treated 1 h priory with 1 µM Fer-1 before the incubation with tBHP started. Here, Fer-1 was 

also used in both additional steps, for the incubation with tBHP and RPMI. To study lipid pe-

roxidation, the cells were stained with 1 µM of the dye BODIPY 581/591 C11 (Thermo Fisher 

Scientific) for 30 min at 37 °C, 5% CO2 and 60% humidity. All cells were then trypsinized and 

washed twice with PBS. After these procedures, the cells were kept on ice and measured using 

a flow cytometer at 527 nm and 630 nm. 

 

2.9 Fluorescence live-cell imaging using HyPer and geNOp  

We generated stable cell lines expressing HyPer in the mitochondria [11,25] using lentiviral 

transduction. HyPer-expressing cells were perfused with KR + 5 mM D-glucose or in addition 
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with 20 µM H2O2. For the NO● measurements, C-geNOp-NES [26], the cyan coloured genet-

ically encoded NO probe with a NES (nuclear export signal), which transports the protein inside 

the cytosol, was stably transduced in AQP8 KD using lentiviruses. For geNOp sensors, exper-

iments and the analyses were performed as described before [26]. In short, the cells were 

incubated with a Fe2+ buffer for 20 min at 37 °C and stored in physiological salt solution com-

posed of (in mM) 138 NaCl, 10 HEPES, 5 KCl, 1 MgCl2, 2 CaCl2 and 5 D-glucose, adjusted to 

pH 7.4 with NaOH, 1-24 h before perifusion. C-geNOp-expressing cells were perifused with 

physiological salt solution and subsequently perifused with 10 µM 3-(2-Hydroxy-1-methyl-2-

nitrosohydrazino)-N-methyl-1-Propanamine (NOC-7) (487952, Merck). geNOp intensity was 

recorded over time twice for each experiment. For the fluorescence response after NOC-7 

perifusion, we performed background subtraction, normalized, and inverted the data. Thus, the 

percentage of each geNOp signal was determined. Both perifusion experiments, HyPer and 

geNOp, were performed using a perifusing chamber, tubes and pumps to guarantee a stand-

ardized circulating flow. Images were taken using the Olympus IX81 inverted fluorescence 

microscope equipped with a Hamamatsu Orca ER cooled-CCD camera (Hamamatsu, Hama-

matsu, Japan) and a 40x air immersion objective (Olympus). The microscope setup is 

equipped with an incubation chamber enabling experiments at 37 °C, 5% CO2 and 60% hu-

midity. After recording the HyPer ratio and geNOp intensity, the curves were analysed by 

Matlab R2017a codes to fit the curves and calculate the minimum, the inflection point and the 

maximum and the first derivation to determine the maximal slope of each curve or the maximal 

intensity change - measured for each probe. 

 

2.10 Statistical analysis  

Data are expressed as means±SEM or as means±CV. Statistical analyses were performed by 

GraphPad Prism 5 (San Diego, CA, USA) using one-way or two-way ANOVA followed by Bonfer-

roni, or two-tailed unpaired Student’s t test. 
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3. Results 

3.1 AQP8 expression in vivo in diabetic LEW.1AR1-iddm rats and in vitro after pro-inflam-

matory cytokine exposure of insulin-producing RINm5F cells 

The LEW.1AR1-iddm (IDDM) is a rat model of human type 1 autoimmune diabetes mellitus, 

which expresses the pro-inflammatory cytokines, especially IL-1β and TNF-α and to a lesser 

extent IFN-γ in the activated immune cell infiltrate in the islets of the pancreas. Pancreatic 

islets of normoglycaemic control IDDM rats were compared with those of acutely diabetic IDDM 

rats. Insulin-producing β-cells of normoglycaemic animals (Fig. 1A) express a dense insulin 

immunostaining (green) and a faint staining for AQP8 (red) resulting in a green staining of the 

β-cells in the non-infiltrated islets with yellow areas of an expression of AQP8 in the overlay. 

Upon diabetes manifestation with severe immune cell infiltration in the islets with the remaining 

(surviving) β-cells are faintly immunostained for insulin (green) and exhibit a strongly increased 

AQP8 staining (red) (Fig. 1B) causing an orange-yellow overlay. The changes in AQP8 fluo-

rescence staining were densitometrically quantified showing an approx. fourfold increase 

(p≤0.001) of AQP8 in the β-cells of the pancreatic islets of acutely diabetic rats compared to 

those of the normoglycaemic controls (Fig. 1C). In parallel, an analysis of the AQP8 gene 

expression in rat insulin-producing RINm5F cells incubated in vitro with IL-1β alone or with a 

cytokine mixture of IL-1β, TNF-α and IFN-γ (Fig. 1D) showed that the AQP8 gene expression 

increased around threefold under both conditions (p≤0.05 after IL-1β, p≤0.01 after the incuba-

tion with the cytokine mixture). 
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Fig. 1 AQP8 immunostaining of pancreatic islets from normoglycaemic and diabetic LEW.1AR1-

iddm rats with densitometric analysis and Aqp8 gene expression of insulin producing RINm5F 

cells. Pancreatic islets of normoglycaemic control LEW.1AR1 rats (A) in comparison with those 

of acutely diabetic LEW.1AR1-iddm rats (B). Cell nuclei are depicted in blue (DAPI), AQP8 in red 

(Cy3), and insulin in green (Cy2). β-cells of islets from normoglycaemic rats express a dense 

insulin staining and a faint AQP8 staining. C: In immune cell infiltrated islets of acutely diabetic 

rats, the surviving β-cells show a decreased insulin immunostaining and a highly increased AQP8 

staining in the β-cells compared to the normoglycaemic controls verified by the quantification of 

the AQP8 fluorescence intensity. ***p≤0.001 compared to control; two-tailed paired Student’s t 

test of mean±SEM, n=10 for 4 animals in each group. D: In addition, the absolute gene expression 

of Aqp8 in rat insulin-producing RINm5F cells, incubated with IL-1β (200 U/mL) or with a cytokine 

mixture composed of IL-1β (160 U/mL), TNF-α (200 U/mL), IFN-γ (100 U/mL) were performed by 

RT-qPCR. *p≤0.05 compared to control; **p≤0.01 compared to control; ANOVA followed by Bon-

ferroni, mean±SEM, n=4.  
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3.2 Proinflammatory cytokine induced toxicity and ROS formation in dependence on AQP8 

expression in insulin-producing RINm5F cells  

Aqp8 transcript abundance in RINm5F cells was stably altered in two ways: AQP8↑ cells 

achieved a more than threefold higher Aqp8 gene expression (p≤0.001), whilst AQP8 KD cells 

resulted in a ~60% decrease (p≤0.01) (Fig. 2A) (for details see [17]). Mock and mockTet cells 

showed similar cytokine-stimulated Aqp8 expression after IL-1β only (p≤0.001) as well as after 

the cytokine mixture (p≤0.001). In contrast, AQP8↑ cells did not show additional cytokine-in-

duced Aqp8 upregulation. The same is true for the AQP8 KD cells (Fig. 2B). 

 

 

Fig. 2 Transcript abundance in AQP8 overexpressing insulin-producing RINm5F cells and in 

AQP8 KD cells with and without cytokine treatment. A: AQP8 was stably overexpressed by 

lentiviral transduction (AQP8↑; blue) and knocked down by CRISPR/Cas9 in RINm5F cells 

(AQP8 KD; red). Absolute Aqp8 gene expression was quantified and related to absolute gene 

expression of two reference genes. Shown are means±SEM, n=4. ***p≤0.001 compared to 

mock; ##p≤0.01 compared to mockTet; ANOVA followed by Bonferroni. B: AQP8↑ and AQP8 

KD cells were incubated with 200 U/mL IL-1β or a cytokine mixture composed of IL-1β (160 

U/mL), TNF-α (200 U/mL) and IFN-γ (100 U/mL) for 24 h. Absolute gene expression was de-

termined using RT-qPCR, normalised to reference genes and related at untreated controls. 

Shown are means±CV of 4 experiments each. ***p≤0.001 compared to mock; ###p≤0.001 com-

pared to mockTet; ANOVA followed by Bonferroni. 

We first confirmed that insulin-producing RINm5F cells showed significantly decreased cell 

viability after a 72h incubation with IL-1β and a mixture of cytokines [10] (Fig. 3A). Interestingly, 

incubation of insulin-producing RINm5F AQP8 KD cells with proinflammatory cytokines, both 

with IL-1β alone and even more so with a mixture of three cytokines (IL-1β, TNF-α and IFN-γ) 
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significantly decreased cell viability in the MTT test compared to corresponding mockTet cells 

(p≤0.001) (Fig. 3A). In contrast, a cytokine mixture of TNF-α and IFN-γ did not affect cell via-

bility in AQP8 KD cells. Incubation of the AQP8↑ cells with these cytokines did not alter cell 

viability (Fig. 3A). IL-1β alone and even more so a mixture of three cytokines also increased 

the formation of ROS (reactive oxygen species) as measured with the DCF test in AQP8 KD 

cells (p≤0.01), while overexpression had no effect (Fig. 3B). A prominent stimulatory effect was 

observed in AQP8 KD cells (p≤0.001) also upon hydroxyl radical (●OH) formation after incuba-

tion with IL-1β alone and even more so with a mixture (Fig. 3C). Again AQP8 overexpression 

had no effect on ●OH formation (Fig. 3C).  

 

 

Fig. 3 Cell viability, ROS production and hydroxyl radical formation after exposure to cytokines in 

insulin-producing RINm5F AQP8 overexpressing and AQP8 KD cells. A: RINm5F cells were 

seeded 24h before incubation for 72h with IL-1β (200 U/mL), a cytokine mixture composed of the 

three proinflammatory cytokines IL-1β (160 U/mL), TNF-α (200 U/mL) and IFN-γ (100 U/mL) or a 

mixture of the two proinflammatory cytokines TNF-α (200 U/mL) and IFN-γ (100 U/mL). After the 

72-h incubation, cell viability of AQP8 overexpressing and KD cells was measured by the MTT 

assay. Shown are means±SEM of 5-9 experiments each. B, C: AQP8 overexpressing and AQP8 

KD cells were exposed to the cytokines for 72h and the cellular DCF-DA fluorescence (B) as well 

as the hydroxyl fluorescein (HPF) fluorescence (C) were quantified. Shown are means±SEM of 4 

experiments each; ***p≤0.001 compared to mockTet; ANOVA followed by Bonferroni.  

3.3 Cytokine induced caspase activation and lipid peroxidation in dependence on AQP8 ex-

pression in insulin-producing RINm5F cells  

To further understand the underlying mechanisms of AQP8-dependent cytokine toxicity, the 

apoptotic cell death mode was studied by analysing the executor caspase-3 and caspase-7. 

AQP8-KD cells showed significantly (p≤0.001) higher caspase-3 and -7 activities after 72h of 

cytokine exposure to mockTet cells, providing evidence for a role of AQP8 in cytokine toxicity 

(Fig. 4A). The extrinsic apoptotic pathway was investigated by quantifying caspase-8 activity 
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(Fig. 4B). In AQP8 KD cells, caspase-8 activity did not differ after the 24-h cytokine exposure 

compared to controls. In contrast, caspase-9 activity was significantly (p≤0.01) increased after 

24h of IL-1β exposure and even more (p≤0.001) after exposure to the cytokine mixture in AQP8 

KD cells (Fig. 4C) indicating that cytokine toxicity affects the mitochondrial function in depend-

ence on the AQP8 expression level. Caspase-12 activity as an indicator of endoplasmic retic-

ulum (ER) involvement was determined after 24h of cytokine exposure. AQP8 KD cells showed 

significantly higher caspase-12 activities after treatment with IL-1β (p≤0.05) as well as the cy-

tokine mixture (p≤0.001) compared to mockTet cells (Fig. 4D). In contrast AQP8 overexpression 

did not affect any of the caspase activities studied compared with mock control cells (Supple-

mentary Fig. 2). 

 

 

Fig. 4 Caspase activity after exposure to cytokines in insulin-producing RINm5F AQP8 KD 

cells. RINm5F cells were seeded 24h before incubations with IL-1β (200 U/mL) or a cytokine 

mixture (Mix) composed of IL-1β (160 U/mL), TNF-α (200 U/mL) and IFN-γ (100 U/mL). There-

after, different caspase activities were measured. A: Relative caspase-3 and -7 activities were 

quantified after 72h cytokine incubation and expressed as relative luminescence units (RLU) 

of RINm5F AQP8 KD cells using a plate reader. Moreover, relative activities of caspase-8 (B) 

and caspase-9 (C) were measured and quantified by luminescence intensity 24h after cytokine 

incubations. D: Caspase-12 activity was measured by flow cytometry 24h after cytokine 
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exposure. Shown are means±CV of 4 experiments each. *p≤0.05 compared to mockTet; 

**p≤0.01 compared to mockTet; ***p≤0.001 compared to mockTet; ANOVA followed by Bonfer-

roni. 

In addition to the apoptotic cell death mechanisms, we analysed lipid peroxidation to obtain a 

broader view of the cytokine-mediated and AQP8-dependent cell death mechanisms. In AQP8↑ 

cells as well as in control cells (both mock and mockTet), lipid peroxidation was marginally reduced 

after cytokine exposure (Fig. 5). This cytokine-mediated reduction was not evident in AQP8 KD 

cells (Fig. 5). The classical ferroptosis inducer tert-butyl hydroperoxide (tBHP) is known to in-

crease lipid peroxidation. We observed a significant increase (p≤0.001) in AQP8↑ and AQP8 KD 

control cells. Interestingly, lipid peroxidation induced by tBHP was dependent on the AQP8 ex-

pression level (Fig. 5). Lipid peroxidation was slightly reduced in AQP8↑ cells and very signifi-

cantly increased in AQP8 KD cells compared to control cells (Fig. 5). The ferroptosis inhibitor 

Ferrostatin-1 (Fer-1) prevented all stimulatory effects of tBHP on lipid peroxidation, both in AQP8 

KD and in mock control cells (Fig. 5). 

 

 

Fig. 5 Lipid peroxidation after exposure to cytokines in insulin-producing RINm5F AQP8↑ and 

AQP8 KD cells. AQP8 overexpressing and AQP8 KD cells were incubated with either the cytokine 

mixture for 72h or for 2h with 50 µM tert-butyl hydroperoxide (tBHP) before incubating 2h in cell 

culture medium RPMI (prior incubation with 1 µM Ferroststin-1 (Fer-1) for 1h). All cells were 

stained with 1 µM BODIPY 581/591 C11 and measured using a flow cytometer at 527 nm and 

630 nm. Shown are means±SEM of 6-12 experiments each. ***p≤0.001 compared to CTL; 

###p≤0.001 compared to tBHP; ●●●p≤0.001 compared to mock; °°°p≤0.001 compared to mockTet; 

ANOVA followed by Bonferroni. 



Manuscript 3: The importance of AQP8 in cytokine-mediated toxicity in rat insulin-producing cells 

 

100 

 

3.4 Proinflammatory cytokine induced nitrite permeability and nitrite accumulation in de-

pendence on AQP8 expression  

NO● influx capacity was measured using the cyan fluorescent genetically encoded NO● probe 

C-geNOp-NES (nuclear export signal) located in the cytosol. The cells were perifused with the 

NO●-donor NOC-7 and geNOp responses were registered in AQP8↑ and AQP8 KD cells. In-

tensity changes were measured over time for 7.5 min while perifusing twice with 10 µM NOC-

7 (Fig. 6A-D). The maximal intensity (Fig. 6F) as well as the course of the curves after NO● 

release (Fig. 6A-D) were similar in AQP8↑ and AQP8 KD cells compared to their respective 

mock control cells. In addition, the NO● concentration was determined indirectly by measuring 

the nitrite concentration in the incubation medium. After 72 h of cytokine exposure, the nitrite 

concentration was significantly increased in AQP8↑ cells and reduced in AQP8 KD cells after 

exposure to IL-1β only (p≤0.05) or to the cytokine mixture (p≤0.001) compared to the corre-

sponding mock control cells. Incubation with TNF-α and IFN-γ did not affect nitrite accumula-

tion (Fig. 6F).  

 

 

Fig. 6 Cytokine induced intracellular NO● permeability and nitrite concentration in insulin-

producing RINm5F cells with AQP8 overexpression and AQP8 KD. A-D: Images of RINm5F 

cells with AQP8 overexpression and AQP8 KD and their mock control cells (expressing C-

geNOp-NES visualized at 400 x magnification (scale bar: 20 µm) are shown together with 
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representative C-geNOp-NES signals of the according cells, n=27 (mock), n=24 (AQP8↑), 

n=14 (mockTet) and n=23 (AQP8 KD). E: Maximal C-geNOp-NES intensity signals of AQP8↑ 

and AQP8 KD cells and their corresponding mock controls are shown after perifusion with 10 

µM NOC-7. Shown are means±SEM of n (number of cells)/N (number of experiments) = 97/7 

(mock), 77/6 (AQP8↑), 99/12 (mockTet) and 105/12 (AQP8 KD). F: AQP8↑ and AQP8 KD cells 

were incubated with IL-1β (200 U/mL), a cytokine mixture composed of IL-1β (160 U/mL), TNF-

α (200 U/mL), and IFN-γ (100 U/mL) or a mixture of the cytokines TNF-α (200 U/mL) and IFN-

γ (100 U/mL) for 72h and nitrite production was measured by the Griess assay. Concentrations 

of nitrite produced in cells with different AQP8 expression levels were quantified. Shown are 

means±SEM of 4-6 experiments each. *p≤0.05 compared to mock; ***p≤0.001 compared to 

mock; #p≤0.05 compared to mockTet; ###p≤0.001 compared to mockTet; ANOVA followed by 

Bonferroni.  

3.5 Pro- and anti-apoptotic transcript abundance in dependence on AQP8 expression  

The relative transcript abundance of the pro-apoptotic protein BAX and the anti-apoptotic protein 

Bcl-2 was determined after 24 h of cytokine incubation of insulin-producing RINm5F AQP8 KD 

cells with IL-1β (200 U/mL) or a cytokine mixture of the three proinflammatory cytokines IL-1β 

(160 U/mL), TNF-α (200 U/mL) and IFN-γ (100 U/mL). Bax expression was not affected by the 

cytokines (Fig. 7A). In contrast, the cytokines reduced Bcl-2 expression in AQP8 KD cells, with a 

significant reduction (p≤0.05) of Bcl-2 gene expression in response to pro-the inflammatory cyto-

kine mixture (Fig. 7B). The ratio of the Bax/Bcl-2 expression was significantly (p≤0.01) increased 

after the exposure to the cytokine mixture (Fig. 7C). Notably, we found no altered effect on tran-

script abundance of Bax and Bcl-2 in AQP8↑ cells (Supplementary Fig. 3). 

 

 

Fig. 7 Transcript abundance of Bax and Bcl-2 in insulin-producing RINm5F KD cells after 

cytokine exposure Relative gene expression of Bax (a) and Bcl-2 (b) was determined 24 h 

after cytokine exposure with IL-1β (200 U/mL) or a cytokine mixture ((IL-1β (160 U/mL); TNF-

α (200 U/mL), IFN-γ (100 U/mL)) and normalized against three reference genes in AQP8 KD 

RINm5F cells using RT-qPCR. In (c), the ratios of BAX/Bcl-2 are depicted. Shown are 
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means±SEM of 4-6 experiments each. *p≤0.05 compared to mockTet; **p≤0.01 compared to 

mockTet; one-tailed unpaired Student’s t test.  

3.6 H2O2 level dependence on proinflammatory cytokines and AQP8 expression  

AQP8 KD cells and their mockTet controls expressing HyPer in the mitochondria were incubated 

with the cytokine mixture for 24h and the HyPer ratio was determined after perifusion with 20 

µM H2O2. The focus on mitochondria for HyPer localisation was chosen because we expected 

the highest cytokine-mediated effects here. First, we confirmed the increased H2O2 permeabil-

ity in AQP8↑ cells [17]. After cytokine exposure the HyPer ratio-over-time curves showed in-

creased maximum HyPer slopes, since the cytokine-treated AQP8↑ and both mock control 

cells responded faster with time compared to the untreated cells (Fig. 8A, B). In the case of 

the AQP8 KD cells, this cytokine-mediated effect was not observed; AQP8 KD cells responded 

in the same way with or without cytokine exposure (Fig. 8A, B). Curve analysis illustrated a 

doubled maximum slope in AQP8↑ (p≤0.001), mock control (p≤0.05) cells and mockTet control 

(p≤0.001) cells (Fig. 8B). In contrast, AQP8 KD cells showed no increased maximal slope after 

cytokine exposure (Fig. 8C, D). Thus, cytokine treatment enhanced the H2O2 permeability in 

mock cells as well as in AQP8↑ cells, but not in AQP8 KD cells. 
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Fig. 8 HyPer response expressed in mitochondria of RINm5F AQP8 overexpressing and AQP8 

KD cells after cytokine exposure. A, B: The ratiometric HyPer response is shown in the mitochon-

dria of AQP8↑ and AQP8 KD cells with their respective mock control cells as well as after a 24-h 

treatment with a cytokine mixture (IL-1β (160 U/mL), TNF-α (200 U/mL), IFN-γ (100 U/mL)) 

perifused with 20 µM exogenous H2O2. Shown are means±SEM, n=4-8. C, D: Analyses of HyPer 

responses showing the maximal HyPer-ratio changes over time (slope) of all individual cells. 

*p≤0.05 compared to untreated mock; ***p≤0.001 compared to untreated AQP8↑ or untreated 

mockTet; ##p≤0.01 compared to untreated mock; ANOVA followed by Bonferroni. 

 

4. Discussion 

Reactive oxygen and nitrogen species (ROS and RNS) are particularly toxic in insulin-produc-

ing β-cells because these cells are poorly protected against oxidative and nitrosative stress 

compared to other cell types and tissues [2–4]. In type 1 diabetes mellitus, an autoimmune 

disease, the β-cells are attacked by proinflammatory cytokines generated in the pancreatic 

islets by infiltrating immune cells [27,28]. This leads to the formation of a critical amount of 
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ROS, especially hydrogen peroxide (H2O2) and the hydroxyl radical (●OH), in the mitochondria 

and is a detrimental challenge for the β-cell, that can lead to its failure resulting in insulinopenia 

and a diabetic metabolic state [2,3,9]. Under physiological conditions the expression of the 

peroxiporin AQP8 is relatively low while it increases after cytokine exposure in vitro in β-cells 

as well as in vivo in the IDDM rat model of human type 1 diabetes. This apparently helps to 

prevent H2O2 accumulation.  

In RT-qPCR experiments, we observed that IL-1β stimulates AQP8 expression in insulin-pro-

ducing RINm5F cells to a similar extent as a cytokine mixture composed of IL-1β, TNF-α and 

IFN-γ. This provides evidence for the crucial role of IL-1β [29]. One signalling pathway could 

be via the transcription factor NF-κB for which we found a NF-κB consensus sequence in the 

promoter of AQP8. An IL-1β induced NF-κB-mediated transcription has been described before 

for MnSOD induction in insulin-producing cells [15,30]. IL-1β-regulated iNOS expression via 

the NF-κB pathway [31,32] has also been previously demonstrated in β-cells [33]. We could 

confirm that transcript abundance of NF-κB and iNOS was significantly increased after expo-

sure to IL-1β and the cytokine mixture (Supplementary Fig. 4). In all of these proteins, AQP8, 

MnSOD [15,16], and iNOS [34], an NF-κB consensus sequence is located in the promoter 

(Supplementary Fig. 5). As in the case of the NF-κB regulated MnSOD and iNOS expression, 

AQP8 expression is thus apparently also regulated via the NF-κB pathway. 

We recently studied the role of AQP8 in insulin-producing cell lines by generating stable 

RINm5F cell lines with AQP8 overexpression (AQP8↑) and with an AQP8 KD. We previously 

characterized these cell lines with regard to the role of AQP8 as a H2O2 transporter [17]. In the 

present study, we focused on cytokine-mediated effects to better understand the role of AQP8 

in the pathogenesis of type 1 diabetes. Cytokine-upregulated transcription of AQP8 via NF-κB 

is observed only in cells with an AQP8 gene coupled to its regulatory promoter region. As the 

recombinant AQP8 protein promoter lacks a NF-κB response element, the AQP8 transcription 

cannot be upregulated by cytokines. Thus, cytokine exposure in AQP8↑ cells does not meas-

urably increase AQP8 transcription because the additional cytokine-induced mRNA synthesis 

accounts for only a small proportion of the total AQP8 RNA amount. In AQP8 KD cells the 

endogenous AQP8 is homozygously knocked out and the exogenous AQP8 transcription can 

also not be enhanced via cytokines. Thus, these cell models are suitable to investigate the role 

of AQP8 in the mechanisms underlying cytokine-mediated β-cell failure.  

Cytokine treated AQP8 KD RINm5F cells showed a striking increase in ROS generation and 

consequently, their viability was decreased, whereas the viability of AQP8↑ cells was not in-

creased. Thus, the cytokine-mediated AQP8 upregulation in mock control cells is likely to be 

sufficient to prevent increased toxicity, as also shown in acutely diabetic IDDM rats, where 

upregulation of AQP8 may prevent an increase of oxidative damage in the β-cells. To identify 
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the underlying mechanisms, we conducted a range of analyses of oxidative and nitrosative 

stress mediated damage. We observed increased H2O2 and ●OH levels in mitochondria of 

AQP8 KD cells after cytokine exposure reconfirming the conclusion that the formation of these 

reactive oxygen species in the mitochondria is the cause of cytokine-mediated β-cell death 

[11,12]. In the AQP8 KD cell model, H2O2 remains trapped in the mitochondria, the subcellular 

site of cytokine-mediated ROS generation, so that efflux of H2O2 into the cytosolic space is 

hampered. Thereby the concentration of H2O2 in the mitochondria is raised favouring the gen-

eration of the highly toxic ●OH radical in the Fenton reaction [2,18]. This scenario is fostered 

through the promotion of ●OH radical formation by increased liberation of free iron through 

damage of iron containing proteins in the mitochondria, such as the tricarboxylic acid cycle 

enzyme aconitase [35]. This is particularly critical for the survival of pancreatic β-cell mitochon-

dria since they are poorly protected due to the low expression level of the H2O2 inactivating 

enzyme glutathione peroxidase 1 (GPx1) [3,19,20]. 

The increased activities of caspase 3 and 7 in AQP8 KD cells are indicative of an apoptotic β-cell 

death mode [36,37] and the increase of the caspase 9 and 12 activities strongly suggests mito-

chondrial [38] and endoplasmic reticulum [39] involvement in the increased toxicity of proinflam-

matory cytokines in AQP8 KD cells.  

Taken together, these considerations allow the conclusion that the increased amounts of H2O2 in 

mitochondria generated under proinflammatory cytokine mediated oxidative stress can efflux 

through the AQP8 peroxiporin channels favouring an attenuation of the toxicity of this reactive 

oxygen species.  

The slight reduction of ferroptosis in AQP8↑ cells seen in response to proinflammatory cytokine 

exposure may be due to the slightly increased NO● generation in these cells while vice versa the 

abolishment of this effect is the result of the comparatively lower NO● levels in AQP8 KD cells. 

More pronounced effects of the ferroptosis inducer tert-butyl hydroperoxide (tBHP) evident in 

these cell types, both the slight reduction in AQP8↑ cells and the pronounced increase in the 

AQP8 KD cells can also be explained as a result of the increased NO● generation and the lower 

NO● generation, respectively. The abolishment of these stimulatory effects of tBHP on lipid pe-

roxidation by the specific ferroptosis inhibitor Ferrostatin-1 (Fer-1) provided additional independ-

ent evidence for this limited contribution of ferroptosis to the observe phenomena [40]. These 

results are also in agreement with the recently documented protective role of NO● against induc-

tion of ferroptosis upon exposure to proinflammatory cytokines [41]. Furthermore, we could show 

that NO● transport is not mediated via AQP8, since geNOp intensities remained unchanged in all 

cell types irrespective of the AQP8 expression level.  

We also studied changes of pro- and anti-apoptotic gene expression [42] after cytokine expo-

sure in dependence on AQP8 expression and could confirm a decreased gene expression of 
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the anti-apoptotic protein Bcl-2 in AQP8 KD cells exposed to proinflammatory cytokines. As 

the expression of Bcl-2 is known to be inhibited by H2O2 [43], we hypothesize that in the AQP8 

KD cells the expression of the anti-apoptotic protein Bcl-2 is reduced because of a higher H2O2 

concentration in these cells. Since the expression of the pro-apoptotic protein BAX was unaf-

fected in the AQP8 KD cells the ratio of the BAX/Bcl-2 expression was also increased after 

cytokine exposure providing an indication for a shift towards a greater proapoptotic potential 

in these cells. This reduces the capacity of the KD cells to counteract apoptotic β-cell death.  

Finally, we analysed H2O2 transport after cytokine exposure using the HyPer fluorescence 

sensor stably expressed in the mitochondria. We confirmed increased H2O2 permeability in 

AQP8↑ cells under control conditions [17]. Additionally, cytokine-treated control cells, both 

mock and mockTet, as well as AQP8↑ cells showed greater H2O2 membrane permeabilities after 

cytokine treatment. This was not the case in AQP8 KD cells. The increased H2O2 transport 

rate after cytokine exposure is likely to be due to IL-1β-induced AQP8 overexpression as there 

is an NF-κB element in the promoter that is not functional in AQP8 KD cells. This functional 

increase in AQP8 expression is consistent with the initial in vivo and in vitro findings. In AQP8↑ 

cells the cytokine-mediated increased H2O2 permeability could be explained as a result of an 

improved AQP8 functionality. Altered AQP8 functionality has also been observed in human 

sperm cells that were infected by the human papillomavirus (HPV), that binds via the capsid 

protein L1 of the HPV to the plasma membrane located AQP8 of the spermatozoa [44,45]. 

Therefore, the functional enhancement of H2O2 permeability of AQP8 might be caused by the 

binding of a cytokine-regulated protein. Moreover, it has been shown that phosphorylation of 

AQP8 is correlated with the translocation into the inner mitochondrial membrane [46]. Cyto-

kine-stimulation could induce such a translocation of AQP8 via a kinase regulation to ensure 

sufficient H2O2 efflux. Such a physiochemical effect would explain an improved AQP8 transport 

capacity upon cytokine-exposure. 

 

5. Conclusion 

In conclusion, peroxiporins such as AQP8 modulate intracellular H2O2 levels in distinct subcel-

lular locations. In the case of proinflammatory cytokine-mediated pancreatic β-cell toxicity in 

the type 1 diabetes scenario, when increased amounts of H2O2 are generated in the β-cell 

mitochondria [11,12], an increased expression of peroxiporins such as AQP8 may allow 

quicker efflux of H2O2 into the cytosol and ultimately also into the extracellular space. Thus, 

reducing the H2O2 concentration in the mitochondrial space through transfer into a much 

greater space of the whole cell thereby reduces the toxicity of H2O2 and of free radicals such 

as the very toxic ●OH radical generated in greater amounts from the increased H2O2 
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concentrations in this subcellular organelle. The H2O2 extrusion through AQP8 can also pro-

mote H2O2 scavenging in the cytosol. This phenomenon can attenuate cytokine mediated tox-

icity, thus reducing the speed of deterioration of β-cell function in the development of the type 

1 diabetic metabolic state. This conclusion gains further support by the observation made in 

the present study that a reduction of the AQP8 peroxiporin expression in the mitochondria 

significantly aggravated proinflammatory cytokine toxicity in pancreatic β-cells. 
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Supplementary material: 

Supplementary table 1: Sequences of RT-qPCR forward and reverse primers to study Aqp8, Bax 

and Bcl-2 gene expression including reference genes 

The RT-qPCR primer sequences of Aqp8, Bax and Bcl-2, as well as the primer sequences of the 

genes glucose 6-phosphate dehydrogenase (G6Pdh), beta-2 microglobulin (B2m) and TATA box 

binding protein (Tbp), that we chose as reference genes as they are mostly independent of cyto-

kine regulation, are shown. 

 

  

Targeted 
gene 

Forward primer Reverse primer 

Aqp8 ATATGTCTGGGGAGCAGACGC ATGCCATGGTAACTGTCAGCC 

Bax CCAGGACGCATCCACCAAGAAG CCCAGTTGAAGTTGCCGTCTGC 

Bcl-2 ACTTCTCTCGTCGCTA AGAGCGATGTTGTCCACCAGGG 

G6Pdh CATCCGCAAACAGAGTGAGCCC TGGCCAGCTACATAGGAGTTACGG 

B2m TGCTTGCAGAGTTAAACACGTCAC AACTGGTCCAGATGATTCAGAGCTC 

Tbp CAGCTCGGCGCACCGTACAT TCTGGGTTATCGTCACGCACCA 
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Supplementary Fig. 1: Cytokine regulation of reference genes 

Insulin-producing RINm5F cells were incubated with a cytokine mixture composed of IL-1β 

(160 U/mL), TNF-α (200 U/mL), IFN-γ (100 U/mL). Nine potentially interesting reference genes 

from rattus norvegicus (r) were tested to determine cytokine-regulated and cytokine-stable 

reference genes. Cycle thresholds (CT) of means±SEM of 4 experiments are shown. The grey 

lines indicate the genes that show the lowest cytokine regulation; hence, these genes are suit-

able as reference genes.  
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Supplementary Fig. 2: Caspase activity and mitochondrial membrane potential after exposure 

to cytokines in insulin-producing RINm5F AQP8↑ cells 

AQP8↑ and their corresponding mock cells were incubated with IL-1β (200 U/mL) and a cytokine 

mixture (Mix) composed of IL-1β (160 U/mL), TNF-α (200 U/mL), IFN-γ (100 U/mL). Relative lu-

minescence units (RLU) were measured to determine caspase-3 and -7 activities after 72 h of 

cytokine incubation (A), caspase-8 and caspase-9 activities after cytokine incubation for 24 h 

(B,C), and caspase-12 activity was determined by measuring relative fluorescence units (RFU) 

using a flow cytometer(D), 24 h after cytokine treatments. Shown are means±CV of 4 experi-

ments each.  
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Supplementary Fig. 3: Transcript abundance of Bax and Bcl-2 in insulin-producing RINm5F 

KD cells after cytokine treatment 

Relative gene expression of Bax (A) and Bcl-2 (B) was determined using RT-qPCR 24 h after 

cytokine treatment (IL-1β (200 U/mL) and a cytokine mixture (IL-1β (160 U/mL), TNF-α (200 

U/mL), IFN-γ (100 U/mL)) in AQP8↑ and their corresponding mock cells and normalized at 

three reference genes. C:The ratio of BAX/Bcl-2 is shown. Shown are means±SEM of 4-6 

experiments each. 

 

  



Manuscript 3: The importance of AQP8 in cytokine-mediated toxicity in rat insulin-producing cells 

 

117 

 

 

Supplementary Fig. 4: NF-κB and iNOS gene expression after cytokine exposure in RINm5F cells 

Absolute transcript abundance of NF-κB (A) and iNOS (B) was determined based on RT-qPCR ex-

periments 24 h after cytokine treatment, either 200 U/mL IL-1β, or a cytokine mixture composed 

of 160 U/mL IL-1β, 200 U/mL TNF-α and 100 U/mL IFN-γ in insulin-producing RINm5F cells and 

normalized at three reference genes. Shown are means±SEM of 4 experiments each. **p≤0.01 

compared to untreated control (CTL); ***p≤0.001 compared to untreated control (CTL). 
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Supplementary Fig. 5: NF-κB consensus sequence within the promoter region of AQP8 com-

pared to MnSOD and iNOS 

The sequences 400 bp before the gene start of AQP8, MnSOD and iNOS of rat are shown that 

are described as promoter regions. The sequences are copied from NCBI and aligned with the 

NF-κB consensus sequences 5‘-GGGRNNYYCC-3‘ (R: A or G, Y: C or T, and N: any nucleotide) 

(Wang, Dang et al. 2000), highlighted in yellow, with EMBOSS Water-Alignment 

(https://www.ebi.ac.uk/Tools/psa/emboss_water/).



 

 

 

 


