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RESUMO

Modelagem do fenétipo de diabetes em Nauphoeta cinerea usando estreptozotocina:
Foco no metabolismo da glicose no cérebro.

Autor: Olawande Chinedu Olagoke
Orientador: Jodo Batista Teixeira da Rocha

O cérebro ¢ altamente dependente do catabolismo de glicose adequado, mas as mudancas no transporte de glicose
no cérebro sdo bem documentadas em condi¢des hiperglicémicas. Evidéncias recentes de "memoria
hiperglicémica" sugerem ainda que a exposi¢do cronica a hiperglicemia pode predispor a alteragdes deletérias,
mesmo depois que os niveis glicémicos normais sdo restaurados. Portanto, é importante ndo apenas tentar manter
os niveis de glicose circulante dentro da faixa normal, mas também evitar as complicagdes duradouras causadas
pela hiperglicemia cronica. No final do século 20, modelos de insetos (como Drosophila melanogaster)
comecaram a ser considerados ferramentas importantes no estudo de patologias humanas relacionadas a insulina.
Baratas ja se mostraram eficazes experimentais organismos para a pesquisa neurobioldgica, portanto, aqui
exploramos o metabolismo da energia do cérebro usando um conhecido agente alquilante - estreptozotocina - em
Nauphoeta cinerea. Primeiro, elucidamos as alteragdes bioquimicas e moleculares resultantes da exposi¢do aguda
de baratas a estreptozotocina (1 dose de 74 nmol ou 740 nmol por g de massa corporal). A estreptozotocina causou
um aumento na glicose, niveis de mRNA do transportador de glicose 1, substincias reativas ao acido tiobarbiturico,
atividade da glutationa S-transferase total e niveis de glutationa em homogéneos de cabeca. O glicogénio do corpo
adiposo, o contetdo de triglicerideos na cabega e a redugdo de MTT na cabega foram diminuidos. Nossos
resultados mostraram alteragdes induzidas por estreptozotocina no metabolismo da glicose em N. cinerea, e
destacamos a conservagdo evolutiva de GLUT1 entre N. cinerea e outros insetos. Em segundo lugar, examinamos
como a hiperglicemia induzida por estreptozotocina no CNS de N. Cinerea afeta a homeostase redox e a expressao
de genes relacionados a resposta inflamatéria. Encontramos um aumento nos niveis de mRNA do fator de resposta
de crescimento precoce (EGR) e reaper (genes alvo da via da quinase c-Jun N terminal); TOLL1 (gene alvo da via
Toll / NF-kB); unpaired 3 (UPD 3) e supressor de sinalizaggo de citocina em 36E Socs36E (ativador e gene alvo
da via UPD3 / JAK / STAT); superoxido dismutase e catalase (antioxidantes primarios) ¢ GST sigma. Nao houve
diferenga significativa na expressdo de fator 1 relacionado a PDGF e VEGF (PVF1), peroxirredoxina (PRX),
tioredoxina (TRX) e GST delta. Essas mudangas na sinalizagdo relacionada a inflamagdo e na atividade das
enzimas antioxidantes sdo semelhantes as mudangas observadas em roedores e humanos com hiperglicemia.
Terceiro, mostramos modificagdes transcricionais que sdo semelhantes aos resultados de estudos de associagdo do
genoma em mamiferos e moscas, especialmente a regulagdo positiva da 40S proteina ribossomica S6 e suas
moléculas de sinalizacdo. O tratamento de STZ com dose baixa desregulou mais genes do que o tratamento com
dose alta, e houve uma taxa maior de regulagdo positiva do que regulacdo negativa. Também identificamos a via
de sinalizagdo de insulina putativa de V. cinerea e observamos uma diminui¢do na transcricdo de componentes do
Via PI3K / AKT, mas os genes alvo da cascata RAS, P38 ¢ INK MAPK foram regulados para cima. Os elementos
estrutura-fungdo também foram semelhantes entre os genes MAPK de N. cinerea e outros insetos. Juntos, esses
dados demonstram que a barata N. cinerea pode ser utilizada no estudo das alteragdes metabodlicas causadas pelo
aumento dos niveis de glicose no cérebro.

Palavras-chave: GLUTI; Sinaliza¢do de insulina; Caminho JNK; Caminho TOLL/NF-kB; Caminho
UPD3/JAK/STAT,; antioxidantes; proteinas ribossdmicas; RNA-seq; Analise de transcriptoma.



ABSTRACT

Diabetes phenotype modelling in Nauphoeta cinerea using streptozotocin:
Focus on brain glucose metabolism.

Author: Olawande Chinedu Olagoke
Supervisor: Jodo Batista Teixeira da Rocha

The brain is highly dependent on adequate glucose catabolism, but changes in brain glucose transport are well
documented in hyperglycemic conditions. Recent evidence of “hyperglycemic memory" further suggests that
chronic exposure to hyperglycemia may predispose to deleterious alteration even after normal glycemic levels are
restored. Therefore, it is important not only to try to maintain circulating glucose levels within the normal range,
but also to avoid the lasting complications caused by chronic hyperglycemia. At the end of the 20th century, insect
models (such as Drosophila melanogaster) began to be considered as important tools in the study of insulin-related
human pathologies. Cockroaches have already been shown to be effective experimental organisms for
neurobiology research, therefore, we herein explore brain energy metabolism using a known alkylating agent —
streptozotocin — in Nauphoeta cinerea. First, we elucidate the biochemical and molecular changes resulting from
acute exposure of cockroaches to streptozotocin (1 dose of 74 nmol or 740 nmol per g of bodymass). Streptozotocin
caused an increase in glucose, mRNA levels of glucose transporter 1, thiobarbituric acid reactive substances, total
glutathione S-transferase activity, and glutathione levels in head homogenates. Fat body glycogen, head
triglyceride content and the reduction of MTT in head homogenates were diminished. Our results showed
streptozotocin-induced alterations in the metabolism of glucose in N. cinerea, and we also highlight the
evolutionary conservation of GLUT1 between N. cinerea and other insects. Secondly, we examined how
streptozotocin-induced hyperglycemia in the CNS of N. Cinerea affects redox homeostasis and the expression of
genes related to inflammatory response. We found an increase in mRNA levels of early growth response factor
(EGR) and reaper (target genes of the c-Jun N terminal kinase pathway); TOLLI (target gene of the Toll/NF-xB
pathway); unpaired 3 (UPD 3) and suppressor of cytokine signaling at 36E Socs36E (activator and target gene of
the UPD3/JAK/STAT pathway); superoxide dismutase and catalase (primary antioxidants) and GST sigma. There
was no significant difference in the expression of PDGF -and VEGF -related factor 1 (PVF1), peroxiredoxin
(PRX), thioredoxin (TRX) and GST delta. These changes in inflammation-related signaling and antioxidant
enzyme activity are similar to changes observed in rodents and humans with hyperglycemia. Third, we showed
transcriptional modifications that are similar to results of genome wide association studies in mammals and flies,
especially the up regulation of the 40S ribosomal protein S6 and its signaling molecules. Low dose STZ treatment
deregulated more genes than the high dose treatment, and there was a higher rate of up regulation than down
regulation. We also identified the putative insulin signaling pathway of N. cinerea and observed a decrease in the
transcription of components of the PI3K/AKT pathway, but target genes of the RAS, P38 and JNK MAPK cascade
were up regulated. Structure-function elements were also similar between the MAPK genes of N. cinerea and other
insects. Together, these data demonstrate that the cockroach N. cinerea can be used in the study of metabolic
alterations caused by increased brain glucose levels.

Keywords: GLUTI; Insulin signaling; JNK pathway; TOLL/NF-kB pathway; UPD3/JAK/STAT pathway;
antioxidants; ribosomal proteins; RNA-seq; Transcriptome analysis.
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1. INTRODUCTION

1.1 INSECT CARBOHYDRATE DIGESTION AND METABOLISM

The carbohydrate digesting enzyme that an insect harnesses depends on its diet and starch
is the most abundant carbohydrate ingested by plant-eating insects. The inner glycosidic
linkages of starch are broken down to dextrins by a-amylase which is secreted by the salivary
glands and mid-gut epithelium. a-Glucosidase and oligo-1,6-glucosidase then digests dextrin
to glucose [1-3]. The molecular basis of glucose transport from gut to target cells has not been
fully elucidated in insects, but it is widely agreed that the glucose absorbed by facilitated
diffusion from the mid-gut is converted to trehalose and glycogen for storage mainly in the
hemolymph and fat body respectively [4], these molecules are subsequently broken down for

tissue use like brain energy metabolism.

Trehalose (a-D-glucopyranosyl-a-D-glucopyranoside) is mainly synthesized in the fat body
(also in the gut and muscle cells) from two molecules of glucose. Briefly, hexokinase catalyzes
the conversion of glucose to glucose 6-phosphate (G6-P), which is converted to uridine
diphosphate glucose (UDPG) in a series of reactions. Trehalose 6-phosphate synthetase then
catalyses the conversion of UDPG and G 6-P to trehalose 6-phosphate, from which the
phosphate group is removed by the corresponding synthetase to form trehalose. Free trehalose
inhibits the synthetase from forming more trehalose when trehalose levels are high in
hemolymph, thereby enabling glycogen synthetase to act on UDPG to form glycogen. When
hemolymph glucose levels are low, hypertrehalosemic hormone (HTH) and cyclic adenosine
monophosphate (cAMP) activates glycogen phosphorylase b to phosphorylase a, which cleaves

glucose molecules from the glycogen stores [5—7] (Figure 1).
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Figure 1: Trehalose and glycogen synthesis in insect fact body.
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1.2 BRAIN GLUCOSE TRANSPORT AND AUTOREGULATION

The understanding of brain glucose uptake is important because the brain has little or no
nutrient store [8], and is anatomically walled off from systemic circulation by functional
barriers [9,10]. In flies, glucose sensing by glucose transporter 1 (glut 1) in insulin producing
cells (IPCs) of the brain [11] activates glibenclamide — a Kartp channel activator — whose
depolarization causes calcium (Ca?") entry and action potential that induces insulin-like peptide
(ILP) release from IPCs [12,13] (Figure 2). This is similar to glucose sensing by glut 2 on
cells of mammalian pancreatic islets [14,15], which causes glycolysis and mitochondrial ATP
release that activates Katp channels to depolarize the  cell membrane and initiate calcium
(Ca*") entry and insulin release [16]. While glucose entry into peripheral tissues is largely
dependent on /LP, the central nervous system (CNS) can absorb glucose simply via facilitated
transport through glucose transporter 1 [17-19] — a carrier mediated transport protein marked

by Michaelis-Menten kinetics [20,21].

The brain has auto regulatory capacity for glucose use [22] and conditions that affect this
ability for self-regulation may disrupt normal brain function [23,24]. The D. melanogaster
hemolymph-brain barrier (HBB) is crucial for protecting the brain from the fluctuations in
solute concentrations that is reminiscent of the insect open circulatory system. [25-27]. At
about the 17" embryonic stage, subperineurial glial cells (SPGs), perineurial glial cells (PGs)
and a neural lamella form the drosophila HBB [28-30], a homologue of the vertebrate
neurovascular unit (NVU). SPGs express SLC2A1 (glucose transporter 1), amongst other
transporters of the solute carrier family (SLC) [31].

12



i allal CoT |
Tt i
C’[(l \\j\ﬂ/\o e é:[ 11 LDOSE

Figure 2: Illustration of insulin-like peptide (ILP) release from insulin producing cells (IPC) in

insect brain.

1.3 BRAIN INSULIN SIGNALLING

The detection of insulin and insulin-like peptide in the brain of rodents [32] and insects [33]
respectively have raised questions about the synthesis of these hormones in the brain. While it
is known that insulin producing cells (IPCs) synthesize and store /LP (ILP) in the insect brain
[34-37], reports vary from those who propose synthesis and storage of insulin in the rodent
brain [19,38—42], to those who believe that insulin reaches the mammalian brain from the
circulatory system [43—46]. Insulin like peptides are so called because of the similar amino acid

sequence that they share with the mammalian insulin [47,48].

The ILP/PI3K/AKT, RAS/MAPK and PKC/NF-kB pathways are the known mechanisms of
action of insulin in the central nervous system of insects [49] (Figure 3), but the ILP/PI3K/AKT
pathway is more emphasized as some researchers believe it is crucial for determining lifespan
[50-52]. It shares evolutionary conservation among invertebrate phyla and with mammals
[53,54], and it functions in both the CNS and PNS [55]. Insects differ in the number of /LPs
that activate this PI3K/AKT pathway, for example Drosophila melanogaster has 8, Bombyx
mori has 37, but only 1 has been delineated in Locusta migratoria. [36] [56] The pathway is
known to be involved in homeostasis [57-59], neuroprotection [60—62] and is said to be
neurotrophic [63—65], while there are speculations about the role of the pathway in brain

glucose uptake [66—68]. It is therefore not surprising that impaired brain insulin signalling has
13



been linked with neurodegenerative disorders like Alzheimer’s disease [69,70].

Figure 3: Illustration of PI3K/PKB and MAPK insulin signalling pathways.
1.4 CLINICAL AND EXPERIMENTAL DIABETES MELLITUS PHENOTYPES

Defect in insulin secretion and/or insulin action is known to predispose subjects to a wide
range of metabolic disorders termed diabetes mellitus (DM) whose hallmark is hyperglycaemia.
The American Diabetes Association has earmarked four general categories of DM, including:
Type 1 (insulin insufficiency due to autoimmune B-cell destruction); Type 2 (insulin resistance
leading to destruction of B-cells); Gestational DM (diagnosed in the 2™ or 3™ trimester in a
previously non-diabetic individual); and Specific types of DM due to other causes
(drug/chemical induced DM, exocrine pancreatic diseases etc.) [71]. However, many subjects
with diabetes fit into more than one classification or may alternate between euglycemic and
hyperglycaemic state, depending on the underlying aetiology. Indeed, an accelerator hypothesis
positing that type 1 and type 2 diabetes are both disorders of insulin resistance in different
genetic contexts is receiving wide spread consideration [72]. Consequently, effective treatment
of hyperglycaemic conditions relies more on understanding the pathogenesis than the need to
label the type of diabetes type label. This further makes it possible to model diabetes mellitus
in vertebrates and invertebrates in a bid to expand prevailing understanding of the metabolic
disorder and gain therapeutic advantage for patient care. This bench to bedside translation is

predicated on the integration of clinical context with basic life sciences.
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1.5 GLUCOSE ANALOGUES AND DIABETES MELLITUS MODELLING

Biochemical synthetic compounds like Alloxan and Streptozotocin (STZ) that are similar
in structure with glucose are often used to mimic diabetes-like phenotypes in insects [73—75]
and mammals [76,77]. STZ is an alkylating, natural glucosamine-nitrosourea compound that
needs the expression of glucose transporter 2 for its cytotoxic effect on the mammalian
pancreatic beta cells, [78]. DNA alkylation [79,80] and nicotinamide adenine dinucleotide
(NAD/NADH) depletion [81] are the known mechanisms of STZ toxicity, but there are
questions about the role of O-GlcNAcase inhibition as a possible mechanism [82].
Consequently, diabetes mellitus phenotypes including insulin dysfunction, hyperglycaemia,
polydipsia and polyuria have been replicated in rodent diabetes models using streptozotocin
[83]. In insects, the toxicity of Alloxan increases superoxide production [84], as well as other
markers of oxidative stress [85] while raising haemolymph glucose levels [86], making insects

viable models for studying the pathophysiological mechanisms of metabolic diseases.

1.6 STREPTOZOTOCIN TOXICITY

Streptozotocin (Figure 4) isolated in the 1950s as an antibiotic from the soil bacterium
Streptomyces achromogenes, and its selective toxicity to the pancreatic beta cells made it useful
for modelling insulitis and diabetes in animals, as well as treating pancreatic beta cell cancers
in humans. General exposure to STZ during experimental procedures, manufacturing or the use
of pharmaceutical products is via inhalation or contact to eyes and skin. With a half-life of 15
minutes, intravenous STZ injection is cleared from plasma in about 3 hours but metabolites
remain in plasma for about 24 hours; and though STZ does not cross the blood brain barrier, its
metabolites have been found in the cerebrospinal fluid [87]. The alkylating and strand cross-
linking effect of STZ on DNA is known to inhibit DNA synthesis and activate poly ADP-
ribosylation [79]. There are further reports of pyridine nucleotide and glyconeogenesis
inhibition. Topically, STZ irritates human surfaces with which it comes in contact, and IV
administration may cause hair loss, nausea, vomiting, and organ injury. STZ may be mutagenic,

carcinogenic or teratogenic [87].
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Figure 4: 2D chemical structure of streptozotocin (PubChem Identifier: CID 7067772).

1.7 INSECT MODELS OF DIABETES MELLITUS

The initial sceptism around the differences in carbohydrate metabolism between humans
and insects hampered research in this field, but there are emerging evidences in the last two
decades that insects can be viable models for diabetes. [88,89]. In addition, the mechanisms
that shift carbohydrates between storage and circulation are similar across animal models [90].
The switch between insulin and glucagon in mammals is replicated in a plethora of insects that
release insulin-like peptides (/LPs) and adipokinetic hormone (AKH) when circulating sugar

levels are high and low respectively [91-94].

Albeit there are some known differences between the mammalian and insect
carbohydrate homeostatic mechanisms: Trehalose — a non-reducing sugar — is the circulatory
sugar in insects. Unlike mammals that transport carbohydrates mainly as glucose in blood,
glucose levels are low and hardly detectable in insect hemolymph [6,95]. This implies that such
complications as non-specific protein glycation that arise from high levels of reducing sugar
(glucose) in mammalian models cannot be naturally mirrored in insects. Furthermore, It is yet
unclear whether (and how) the circulatory sugars — trehalose — is regulated in insects; while
some argue that the switch between trehalose and glycogen synthesis helps to maintain
homeostasis, other researchers opine that the non-reducing nature of trehalose and the need for

fast energy source for flights makes it unnecessary to regulate circulatory sugars in insects [96—

98].

Raised levels of regulatory sugars, reduced size and delayed development have been
recorded in Drosophila after ablation of insulin producing cells (IPCs) in the brain, mimicking
the mammalian model of type 1 diabetes [35,36,99]. Also, known mammalian diabetes

diagnostic tests like oral glucose tolerance test (OGTT) were further used to show increased

16



postprandial sugar levels in circulation after fast, as well as, increased sugar clearance time
from circulation; both of which were rescinded by injecting the flies with bovine insulin [100].
These ‘diabetic’ phenotypes are reproduced when drosophila /LPs (d/LP 1-5) were removed by
genomic deletion [101] and further experiments confirmed that d/LP 2,3 and 5 are involved in
regulating sugars in circulation [47] suggesting that IPCs are homologous to mammalian 3 cells

of the islets of pancreas.

An OGTT that shows prolonged glucose clearance time despite normal insulin levels is
typical of type II diabetes / insulin resistance. Researchers have shown increased levels of
circulating sugars (glucose and trehalose), RNA expression levels of ILP 2, 3, 5 and circulating
ILP2 in drosophila larvae exposed to high sugar diet (HSD) [100,102]. Subsequently,
exogenous administration of insulin in these HSD fed flies decreased phospho-4AKT expression
(probably due to reduced sensitivity for insulin signalling), as well as, increased triglyceride

(TG) and free fatty acid (FFA) content [103,104].

1.8 Nauphoeta cinerea (LOBSTER COCKROACH)

The exclusive specie of the Nauphoeta genus, Nauphoeta cinerea belongs to the family of
cockroaches — Blaberidae and originates from North Africa. Its colour ranges from mottled
brown to alate (/nvasive Species and Human Health - Google Books). Nauphoeta reproduces
either sexually or asexually (facultative parthenogenesis), depending on availability of the male
[106] but lifespan and total wellbeing is said to diminish in the parthenogenetic offspring [107].
A little over 30 eggs are incubated in othecas (contained in a brood sac) for about a month, after
which the otheca is extruded but hangs on to the female till nymphs emerge from it — making
the reproductive process seem ovoviviparous, in contrast to the oviparous nature of other
cockroaches [108]. In about 72 days; 7 moults [for males] or 85 days; 8 moults [for females],
the nymph reach maturity and have a lifespan of about a year (Figure 5). Observations from our
laboratory have shown that Nauphoeta cannot fly, can survive for weeks without nutrition, can
feed on paper-made materials, and continues to live for between 8 to 12 hours after decapitation.
This might be due to some brain parts being located within the body segments as depicted by
[109].
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Figure 5: Dorsal view of N. cinerea showing moulting of A. nymph, B. adult and C. Fully
formed adult. Adapted from Afolabi, 2019.

2. JUSTIFICATION

The need to develop non mammalian models of biomedical research has been well
elucidated, but models must adequately reflect the conditions that they attempt to mimic.
Therefore, the evolutionary conservation of glucose transport into the brain, as well as insulin-
related signalling from insects to mammals makes it possible to model glucose metabolic
diseases in insects. Importantly, several gaps exist in our knowledge of brain specific
hyperglycaemic effects and recent evidence of “hyperglycaemic memory” imply that the
deleterious effects of increased circulatory sugars may persist even after euglycaemic state is

achieved.

It is therefore important to use every available method to broaden our knowledge of glucose-
related modifications to brain energy metabolism, in a bid to gain therapeutic advantage and
improve human standard of living, in line with goal 3 of the United Nations sustainable

development goals — good health and wellbeing.

3. OBJECTIVE
3.1 GENERAL OBJECTIVE

The discovery of insulin in the 1920s by Banting and Best gave hope to the treatment of the
erstwhile fatal diabetes mellitus. Ever since, efforts have been made to better understand the
metabolic disease and more efficiently manage its presentation. Hence, target 3.4 of the United

Nations sustainable development goals is “to reduce premature mortality from non-
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communicable diseases by a third by 2030 relative to 2015 levels”. We therefore set out to
expand the understanding of brain energy metabolism by using a known alkylating agent —

streptozotocin — to possibly derange carbohydrate metabolic processes in N. cinerea.

Obviously, insects differ from humans and care must be taken in extrapolating results, but
even humans differ in their genetic and cellular response to perturbations. Furthermore, the
possible conservation of diabetes-related changes from insects to mammals validates the
attempts to model human metabolic diseases in insects. Here, we employed biochemical,

molecular and bioinformatics methods to attempt our goal.

3.2 SPECIFIC OBJECTIVES

» To elucidate the biochemical and molecular adjustments that follow alterations in
brain glucose level, using streptozotocin treatment in N. cinerea. [Study I].

» To demonstrate the relationship that hyperglycaemia may have with redox and
inflammation-like responses in N. cinerea [Study I1].

» To evaluate the transcriptional profile of streptozotocin-treated N. cinerea nymphs.
[Study IIT]

» To illustrate the putative N. cinerea insulin-signalling pathway and demonstrate

evolutionary conservation of structure-function apparatus with other animals [Study

V],
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4. MATERIALS AND METHODS

The relevant methodology has been integrated into scientific articles in section 5.

5. SCIENTIFIC ARTICLES

5.1.  Article 1: Streptozotocin induces brain glucose metabolic changes and alters glucose
transporter expression in the Lobster cockroach; Nauphoeta cinerea (Blattodea: Blaberidae).

https://doi.org/10.1007/s11010-020-03976-4
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Streptozotocin induces brain glucose metabolic changes and alters
glucose transporter expression in the Lobster cockroach; Nauphoeta
cinerea (Blattodea: Blaberidae)
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Abstract

The development of new models o study dishetes in invertebrates is important o ensure adherence o the 3R s principle and
toespedite knowledge of the complex molecular events underlying glucose tomicity. Streptacolocin (ST p—an alkylating
and highly toxicagent that has topismto mammalianbeta cells—is used as a mode] of tvpe | diabetes in mode s, but Litke
i5 known about STZ effects ininsects. Here, the cockroach; Nauphoeta cinerea was ised o determine the acute waicity of 74
and 740 nmol of STZ inje cion per cockroach. STE increased the glucose content, mENA expression of g ucose ransporter
I (GLUT 1) and markers of ooidative stess inthe head. Fat body glveogen, insect aimvival, acety lcholinestemse activity,
trigheeride content and viahle cells in head homogenate were redoced, which may indicate a disruption in glueose utiliza-
tion by the head and Tat body of insects after inject on of 74 and 740 nmol 5TZ per nymph. The gutathione S-transferase
(GST) activiyy and educed ghitathione levels (GSH) wemr increased, possibly via activation of noclear factor e rethmid 2
related facor as a compensatory resporse aguinst the incmease in reactive oxvgen species. Owr data present the potental
for metaboli ¢ disruption in N, cinerea by glucose analogues and opens paths for the stody of brain energy metabolism in
insects, We further phylogenetical ly demonstrate d conservat o between N, cimere @ glucose ransporter | and the GLUT of
other insects inthe Neopte moinfr-class,

Keywords GLUT] - Bran glucose - Fat body glveogen « MTT reduction - Cidative stress « Insect phyl ogeny

Intraduction

Insects and particulady Dwsophila melanogaster are estab-
lished models for toxicity esting [1-3], and they have been
irstrumental to decipherthe mok cular mechanisms associ-
ated with human pathologies [4, 5], Recently, Nauphoeta
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cinerea has been nsed o examine the twxicity of mencury
[5, 71, dhlorpyrifos [8], monosodiom glutamate [9], v i ley-
clohexane [10], and natum] occurring toxins [11].

Streptozotocin (5TZ ) is glucosamine-nitros ourea com-
pound that is structurally similarto gloeose andwas st iso-
lated from the soil bacterium Streplonmces achronmo genes It
enters the cell s mainly via glucose ransporter 2 (GLUT 2
and has a tropism to beta cells in mammals [1 2] Two major
intracellular mechanisms have been demonstrated o be
responsible for its o ity ineokary ot cell s DNA alkyl a-
tion [12] and micolinamide adenine dime kotide (NADY
MADH) depleton via Poly (ADP-ribose) polymerase [14],
howeever, little is known about the ransport and ity of
STZ namects. Indee d, the toxicity of 5TZ has been ranly
studied in insec s, In two in vitmo studies, the elasogenic
activity of 5TZ in mosquito cell s was demonstrated [ 15, 16].
However, the effects of STE afier in vivo adminigmation in
insec s has not been reported

Imped red insulin secretion and signaling, with increased
circulatory sugar 15 the hallmark of type | diabetes [17].

E SpTinger
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Despite initial skepticism about the application of inme ot
physiology o the understanding of gluocose metabolic dis-
orders, considerable conservati on of anal ogous metabolic
pathway s, incliding sgarenergy metabolism has been out-
lined between mammals and insects in the last 2 decades
[18], and 15 further confirmed by alignment of the protein
sequencesof ghicose metabolism ge nes, as well as the depic-
tion of evolutionary hiswory a5 a phylogenetc tree [19, 20].
Insect diabetes models have been induced by several meth-
ods including exposune to high sugar diet [21], high fat diet
[22], the use of hiosynthete glucose analogues like alloxan
[23, 24] and the development of Insulin receptor mutants
[25], among othe s,

The discovery of insulin-like peptide ininvertehrates [26,
27] and the similarity of their functim o the mammalian
inanlin receptor [28] has be lped esarchems o pmbe into
the usefulness of 0. melanogaser as a model for sdving
Driabetes [29, 30]. Ablation of insulin producng cells in D,
melano paser creates phe noty pes similarto mamoalian beta
cell damage, namely; reduced size and delayed development
[31], which are further substantiated by other studies report-
ing a rise in kevels of circolating sugars [32] and slower
sugar clearance after fasting and feeding Mes with glucose
solution (oral glucose tolerance test) [33]. These studies
culminated inthe knowledge that ciroulating sogar leve ls
in flies are megulated by ilp 2, 3 and 5 [34], therehy paving
new paths forspecific application of Dosophila in sereen ng
genes that genome wide association studies have earmearke d
asbegnimolved inglhicose woiciy [35, 3]

Though £, melano gaster has been instromental to stucdy
tewict by mechanisms and the disruption of glucose metabo-
lism [24], the large stee of cockmaches over flies provides an
easy-o-handle model in erms of administraton mutes and
sources of dssues to be studied. We hereby seek o expl ore
the possible dismuption of glhcos bomeos asis in the lobaer
cockroach, as has been recorded in the mammalian and D,
melanogaster models of tvpe | diabetes. Upm absorption
from the midgut, insects comen ghicose o tehalose that
circulates in the hemolymph, and glveogen for storage in
the fat body [37]. Trehalose 15 readily hydrolyeed to two
molecules of gloeose foruse by muscke s and aber tisues
[38], and glucose e by eukarvotic cells have been shown to
b mome efficient than harnessing other energy-vielding mol-
ecu ks [39, 40 ], Data about altent ions in insect b n ghoos
metaholism are scarce in hiterature, partcularly, after the
administration of the toxin 8TZ, which is extensively used
inrodens o dudy diabetes and neompathologies [41, 421,

In view of the necessity of adhering o the 3RS principle
regarding the use of vertebrates in biomedical research [43],
and to develop additiomal mods 15 in insects bi grerthan Qies,
wie hemein explored brain energy metabolism in N. cinerea,
using STZ as amodel. Furthermore, the potential for faculta-
tive parthenogeness in &, cnerea [44) makes it a pole nidal
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wseful tool for subsequent v inved igating the gnetic basis
of degenemive diseases ininvertebrates. In D, melano gasier
midel s of diet-induce d dabetes, an increase in markers of
e iclative stress has bee nom ported [21], thus, in addition
o determining glucese in the head and glyeogen in the fat
body, we also nvestigate d markers of oodatve stress in
the head of cockroach nymphs. We further examined if &,
cinerea have similar need for glucose tmnsporter | (GLUTI )
in the bran like D, melaneeaster and mammals [45, 46]
by identifving forthe fira time the GLUT | of N. cinerea,
estimating the expression of the carmer protein in the head
o the cockroaches and phylogenet cally demonsrating con-
servation between N, cimerea gluocose transporter 1 and the
GLUT of other insects in the Neoptem infra-class,

Materials and methods
Chemicals

All chemical s nsed for these procedures were purchased
from Sigma A ldrich (5t Lois, MO, USA), except whensin
ot herwise stated.

Insect stock

Lobster cockmaches (W, cinerea) were obtained fiom De par-
tamento de Bioguimica ¢ Biologia Molecular, Centro de
Ciéncias Naturaise Exatas (CCNE), Universichode Federal
e Santa Maria, Brasil, Mymphs were acclimatized in trans-
lucent bomes (215 cm <215 cmx 82 em; 2.5 L) for a week,
b fome treatment, Tempemtume (2443 °C; mean set e mpen-
ture and the minimum and maximal recorded temperature
during the period of the experiments ), humidity (37-75%)
and hight! dark cyele (1 2hiwer controlled, and inaect s had
access o water and food {composed as shown in Table 517

ad libitum,
Experimental procedure

(440 make and femake mmphe weighing betwee n (.25 and
(L300 g were randomly allotted woa wiplicate of four (4)
aroups of sixty (600 cockroaches each: intact contral (not
imected), sham ine cted [2 pl 8% NaCl memph], stee pio-
antocin treated [20 pl of 74 nmol STZ imecton/mymph and
20 pl of T4l nmol STZ injection'mymph|; and moni tored for
thiee (30 and seven (7 ) day s, mapectively, Stre plozotocin was
digsolved in normal saline (008% MaCly and injected into
the second right dorsal thorao e segment of each nvmph,
The cocknades were then subjected to simival ambyses,
hionchemical assavs and a gene expression study,

Prior to this experiment, we ran a dose- and 6 me-respon se
pilod stucy to determing the effect ive doses and test dumation
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thet ame below the LDSD of 8T inN. cirerea ny mphis, simi-
lar o a previow experiment in Vespa orentalis and Man-
duca sexta [47, 48], In the pilot experiments, we inje cied 0,
T4, 740 or 7400 nmol STZ (dissobe d in 20 pl 0.8% Nall ¥
nymph)into the second right dorsal thoracie segment of each
nymph and they were ohserved for 1, 3,7, 14 and 21 days,
Inthe group treated with the highes dose of STZ, half of
the insects died within | day. Therefore, the doses of 74
and 740 nma STE wen selected for the biochemical sy,
Furthermomn, we only found changes in glhicose kvels after
3 and T days, therefore we excluded the groups that were
monitored for 1, 14 and 21 days in the biochemical study
(clat a not shown),

Tissue preparation

Coclroaches were anaesthetized on dry ice before head and
Fat body excision. Heads were homogenized (100 mg Head
to 1 ml L1 M phosphate bufer, pH 7.4) and centri fuged at
13,000 RPM for 10 min at 4 2C. The supernatant was used
for protein measurement (read at 280 nm using NanoDrop
2000 supplied by Thermo Fisher Scie rtific Tne, USA), glu-
cose quantification and other biochemical assavs (using
Spectradax plate reader supplied by Molecular Devioes,
LISA),

Fat body for glycogen assay was collected in test tubes
placed indry dce; dried at 100 °C for 10 min; digested with
SO0 pl 304 KOH for 10 min, and precipitated with 1 ml
ethanol and 50 pl Na,50,. The sample was centrifuge d at
G000 BPM for 10 min; supernatant was discamled; residue
was washed with | mlethanol, centrifuged, dried and dis-
soled in 1 ml deiwoniee dwater [49].

Insect body mass and survival profile

Insect mass was measured at the beginning and end of the
treatment period using an electronic weighing balance
CALW-D series, smpplied by Shimadeu Co., Japan) and
results were expressed in milligrams (mg). The beginning
of the experiment is reported as day (0 and the end of the
experiment is mpotedas day 3and day 7, e spectively. We
dlicl aninitial investigation o determine the gross oxici ty o
cockroaches after inecting 74 and 740 nmol of ST cock-
mach by counting the number of dead momphs inead group
every day and showing the results as pereentage survival per
sinty (61 cockroaches,

Head glucose contentand fat body glycogen
estimation

Head glucose was estimated from head homogenate using a

commercial glucose mmoreagent kit (supplied by Bioclin,
Brasil) that utilizes ghoos ovidase. The maction mixton
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conained 2 pl sample and 200 pl of glucose ooidase (color
reagent), acconding o the manufacturer's protocal,

Gly cogen was measured in the Tat body by modifving the
method of Dubois et al, [50]. 80% phenol and 98.5% H .50,
were added to the solution in the ratio 140100, Special
care was Laken to gently add the H 50, to the side of the
tube slanted in e, The stup was ki o gand for 10 min
at 25-30°C and then shaken gently. The resultant orange-
vellow color was read at 490 nm. Distille d water was used
a5 blank and ghycogen for dandard curve,

Acetylcholine sterase (AChE) activity

ACHE activity was meas ured by quantifying thiochaline pro-
duction from AChE hydrolysis [51]. The wells contaned
I pd 01 M phosphate bofier (pH 740, 40 pd sample @08 mg'
ml proteiny, 100 pl distilled water, 20 pl 100 mM Ellman's
reagent (DTHNB), and 20 § mM acetyl thiochaine iodi de.
Absorthamnceswene meadat 412 nm for 30 min (30 s inte tval)
and resul s expressed as pmol thincholine formedd/min'mg
[rofein,

Head triglyceride content

Trighveerides ane by dmobeed by lipoprotein lipase o form
glveeml which is converted in a series of reactions o qui-
nonetming thatabsorks lightat490 nm [52]. The assay was
aocomplishe d with Trigly ceride liquiform kit supplied by
Labtest, B rasil,

Estimation of thiobarbituric acid reactive
substances (TBARS)

Thiokarbituric acd (TBA) reacts with malondi al dehy de
(MDA to forma pink solution that absoths light at 532 nm
as illusrated by [53, 541 200 pl of swock reagent [10%
trichloroacetc acid (TCA) and 0.75% TBA in the rano 1:1]
wits incubated in g water bathw ith 100 @l of sample (1 mg
tssue: 5 pl 001 M phosphate buffer, pH 7.4 at 95 °C for
6l min. The mixture was cooled and centrifuged a 8000
RP M for 10 min, Beahs wen expressd as units'g tisae,

Analysis of cell viability by the MTT assay

Cell active dehydrogenase redoce the vellow, water solu-
hle 3-i4,5-di methylthiazal- 2-v1-2,5-dipheny] tetrazoli um
bmmicke dve (MTT) to form an imsoluble purple formeae an
[55, 56]. And classically, MTT mduction has been used as
colorimetric methodology o determine cell viable dehyidro-
monam s [55] 100 pl sample (1 mg'ml proein) was added
o 200 pl 5 mgfml MTT and incubated for 30 min at 37 *C
200 pl dimethyl sul foxide (DMSO) was added 1o dssolve
the formazan. The samples wene incubated for 30 min, and
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centrifuged at 000 RPM for 20 min. The malant purple
formazan was read at 545 nm and 630 nm, the difference in
absorbance at these wavelengths was expressed as units of
formaesn formed per mg protein,

Determination of glutathione-5-transferase (G5T)
activity

GST assay quantified the conjugat on of 1-chlomo-2 4-dini-
tmbemene (CDNB ) with glotathione (GSH) at 340 nm for
200 min (30 s interval) [57]. Wells had 135 pl 001 M phos-
phate buffer (pH 6,53, 50 pl sample (0.5 mg/ml protein),
IOl 3 M GSH amd 15 pl 20 mMCDNEB incubated for
5 min at 30 *C. Results were expressed as pmol/min/mg
protein.

Estimation of total thiel levels

Tuatal thiol concentmation is & measue of the colomd prod-
ucts formed by the reaction of DTN B with sul thydry] groups
in the sample [51]. The meacton mixture contaned 160 g,

(1.1 M phosphate buffer(pH 7.4, 20 pl sample (~ 10 mg/
ml pmteind and 20 pl 10 mM DTNB read at 412 nm. BEach
sample was discounted from a blank containing the head
homogenate without DTHNB. Resls wen expressed as
units/myg protein

Identifi cati on of Nauphoeta cinerea glucose
transporter 1 and primerdesign

Coding sequences of glucose ransporter | gene, as well as,
other normalizer genes for Zootermopsis nevadensis, B lar-
tefla germanica, D, melanogaster and Cryplotermes secun-
dugwen: downloaded from the Natnonal center for Boe ch-
nology information (MBI platform dhitpesy Sevwew nchi nl m,
i hgowd) and used o guery our Maophoeta transe riptome
[58]. We confirmed similarity of the matched Nauphoeta
sequence with those of aher inseots using the NCBI basic
local alignment search (Blast) wol—ihips: fhlastne ki onlm,
nih.gondBlast.cgi ), Requisite Manphoeta sequences were
then uad o design the primers of ineed on the Primed
input wehsite Chitps:dprimer3otes’) and confirmed with
OligoAnalizer chipsfwww ididnacomd/page &' tools/oli go
ambyaer).

Sequence alignment, phylogenetic analysis
and domain prediction

Coding sequences of the genes of interest were downloade d
from fhybase (Avbase o), RCBI (htt ps2fwosow nebinlm.nih
govi and InsectBase (hitps:dwwwinses -genome . com/).
They included at least one representative for the three
Meoptera insect infrac lass—Poly neople m, Pamneoptemn

&) Springer
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and Holometabola, Multipke sequence alignments we n
built wing MEGAS [59] and aligned by MUSCLE [60].
Gap penal tes were left at defaultvalves and poorly aligned
positions wem eliminated by block mapping and mthering
with entropy (NGphylogeny.fr). The sequences were used
to b 1d the required phylogenatic tree by ned ghbor joining
rmesthiod, woith boot dmp brand suppont performed 100 times
and branch length (which is synonymouos o evolutionary
di stance ) computed by Poisson correction method.

Real-time polymerase chain reaction

Total BN A from head of nymphs was isolated as described
in the Trizol ™ reagent protocol (ThermoFisher scentific,
U5A ), DNage treatment (Promega Corp, USA ) was used
o ensure purity of the samples, and quality of the isolated
RMA was ascertaned by spectrophotometry (using Man-
o mp™ 00 ar 2600 280 nm) and agarose gl e keotrophomn-
s, Reverse ranseripton of 1 pg ol RNA was performed
using GoScript™ protocol (Promega Corp, USA ) with a
THO0™ thermal cve ler (BIO-RAD, China), Real4ime PCR
was carried oot using a QuantSdio 3 RT-gqPCR swiem
(ThermoFisher scentfic, USA ) Each well contaned 10
cDNA with 10 gl maction mix comprising 0.4 pl 0.2 pM
primers (forward and reversed, | X buffer, 0.2 mM dNTF,
2mM MgCl, 0.1 X SYBE green and 0.25 U tag polymer-
aae, mack: up with deionieed water, The cveling procedu e
consisted of: a hald stage at 94 °C for 5 min; a PCR stage
with 1 cyele of 94 °C for 15 5 and 40 cvcles of 94 °C for
15 60 °C for 10 snand 72 °C for 30 s and a mel cumnve
stage with | cvele of % °C for 1005, 55 °C for | min and
94 °C for 15 &, The efficiency of each primer m bind to i
berget gene was evaluated using pools from all samples for
RT-gP CR and analy sing the msults with the Quant$ tudio™
design and analysis software, Dietails of primers used are:
GLUTT sense AAATATGGACACCGOGAGAG, antisense
TGOCCCGOAAGTGAATATAG ; Tubulin senae TTGOCA
CTGATGAGTTGCTC, antisense AGCATGTACC AAGGG
CAGTT, TBP sense GOTOGOOAATOTOOAGTACAG, anti-
e TAGTGOCTCCAGTGC AAGTC ; GaPDH serse OCG
TOGTCCCTGTTOCTA ATG, antise rse GTCCAAGATGOC
CTTCAGAG.

Statistical analysis

All data are expressed as means standard error of mean
(SEM). Body mass and biochemical analyses data for devs
Jand T wens analyred by twoeway ANOVA (2 [3 and 7
Days ] xcd [Contral, (L8% NaCl, 74 nmol STZ and 740 nmol
STE] factorial design). When appropa ate, the Tukey s post
hoc test (P < 005) was applied, using Graph Pad Prism 6.
The data of cockmach survival were analyzed using the
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Lor-mnktes fortmend, and sirvival comves wen signifi-
cantly different at # <005,

Cy values Tor RT-gPCR were generated with the Quant-
Stucho™ design and analysis softwar: and evaluated using
the comparative Cy method, The ensuing data were ana-
lveed with GraphPad Prism 6, using Eruskal—Wallis s,
followed by Dunn's multiple comparnsons e s o determine
resulis that wene signi ficantly different fmom intact control

(P <0.05).

Results
Insect bodymass and survival profile

Injection of 740 nmol 5T simificantly reduced the abso-
lute mass of nymphs after 7 days (Tabe 1) moreover, both
T4 and 740 nmol 8T mduce d insect mirvival after 7 davs,

compared with the intact control and sham groups (Fig. 1.

8TZinducedincrease in head glucose content

The head glucose content was increased in the nvmphs
treated with 740 nmol 5T on day 3 alter inject on (Fig. 2).
By day 7, head glucose content of bath the 74 and 740 nmol
STZ meated groups were significantly increased compared
with the intact control and sham injected groups (Fig. 23

100+ —
% P

=
-
£
3 504 -+ Control
& -=- 0.8% NaCl
= T4 nmol 8TZ
== T40 nmol STZ
u L] T T L}
1} 2 4 [ 8

Days

Fig. 1 Kaplan-Meler surdval analysis of cockimches aller a single
dime of T and M40 amol STE njection per cockroach Log-rank st
foar trend meveals slgnificant reduction in the survival of STE temed
proups compared with intact contmol and sham ingcied groups
(P=00023)

Fatbody glycogen levels

Baoth 74 and 740 nmaol STE treatment s gnificantly redoced
fat body glveogen levels by day 3, and by day 7 (Fig. 50

However, the effect was much more evident at 7 davs,
Acetylcholine sterase (AchE) activity

There was no significant difference in acetylcholineserase
activity 3 days after 8TZ treatment, but by day 7, AChE

Table1 Body mass and body mass gain of cockroache s afler a single adminigraton of ST

Body mass (mg): Day O Body mass imge Day 3 Body mass
paln {mg
[ray 3-1ray
1]
Koty muass om diay 3
rtact contiol 200425 a4 442
0. 8% Mall 2L 2E g2 9 105
T4 ool 5TZ I+ 1+2.6 00
T nmal 5TE 257+24 25422 - 2+1
Body mass (g Dy O Body mass (mge Day 7 B ody imass
paln {mg
[ray 13y
1]
Hendy muass om day 7
Iniact comn il 20424 273423 442
0. 8% Mall 2664+ 2 NE422 Q44 5
T ool 5T L E 0+25 [N
T4 nmal 5T 270426 263423 - T+315

Boxdy mass was determingd @ther 3 days aller e injection (3 days moniioring groups) or alter T days (7 days mondionng groupe) . Twio-way
AMOVA Indicated a signific ant inleraction between teatments = dme [F 24300=2339 P=0018], mainly because M0 amol ST educed the
By miass ol nymiphs alier 7 days of the ST injection. All values ae mean + SEM (V=800 Post hoe analysiz by Tuley's ed indicale a slgnifi-

cant differsnce from intac i control and sham groups (9 <0000ED)
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Head glucose.

Bl Control

Bl 0.8% WaCl
El 74 nmal 5TZ
Bl 740 nmol 5TZ

Day T

Dy 3

Flg.2 Head ghcoss conient 2 and 7 days alter ST e atmenl, Two-
wiry AMNDVA indwcaed a significant meraction beowesn time and
treatmentz [F (3, S0=a50; P<00001] The interaciion was @g-
nificant becanse head ghcose content was inoeased n STZ reaed
groups, when comparad o intact contol and saline-injeciad gronps,
Poa hoe analyss ndicaed a significant incee ase n head glocose con-
tent after 740 nmaol ST on days 3 and 7, and & slgnificant incresse in
group T4 ool ST on day 7. Al values are mean £5EM. Posi hoc
analyss Iy Tokey's ted indicatad differences between groups: * and
v indicake o diference of al least P < 005 belween groops® dgniii-
cant vi inict conral, Y gignificant va intact contial, sham injecied
and T4 nma STE ingction

Fat bady glyeogen

Bl Conirol

Bl 0.8% MNaCl
Bl 74 nmal STZ
Bl 740 nmol 3TZ

Arbitrary unit
g

Day 3

Dy 7

Flg. 3 Fai body ghcogen conent 3 and 7 days aler STZ teamment,
The far sdy glycopen was reducsd aler a single injecton of 5T7
both 3 and T days after the teamment, This was wdicaed by the sig-
nificant inemcion bEiween mments = dme [F (3 320=13.4;
P ] The grealer decase in glycopen content aler 7 days of
treatment Turther contdbubad w0 e dgnifcant ineme don, Al vwlies
ame mean+ SEM. Posl boc ammbysis by Tukey's ed indicaed differ-
enges Between groups: ¥, and Y indicae a differsnce of @l leas
P08 between groups, * slgnihc ant vs intact control; ** sgnificant
wi ntact cortrol and sham ingced groop, *** gignificant vs nact
conral, sam injecied and 74 nmol ST injection, Arbitary uniis
wizne e rveed from the changs o oabsorbance (delia) an 490 nm

activity in both STZ-treated groups was signiflicantly
mecuced compare dio intact contml (Fig, 4).

Headtriglyceride content
Triglyceride levels were not modified by a single injec-

tion of STZ (74 and 740 nmol ) in rel anon tointact control
groups after 3 days of the teatments. However by day 7,
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ACHE activity
(L]
B Control

-‘E B 0.8% NaCl
25 03 B 74 nmol 5TZ
L B 740 nmol STZ
f=id
= E p1-
E_

.0

Day 7

Day 3

Flg. 4 Acelylcholinederase  activity in the head of cockroaches,
In group of cockreaches that were moniwred for 7 days, a single
injecton of STZ (4 and M0 amol of ST per oo kroach) reduced
ACKE activity, as indicated by the sigmilicant inemction berwesn
realment: = dme [F (3, SG6=2010; P=<00001] All values an
mean+ SEM, Post hoc analysis by Tukey 's test indicae d dille nence s
Between gronps ¥ oand ** indicale a differnce of al least P <0005
Between groups, * slignificant v intact contral; ** sgnificant vs intac
contral and sham injectsd groap

the riglyceride estimation from head of nymphs (Fig. 5)
revedled asignificant decrease of miglyceride levels in the
740 nmol 5TE teated group compare dwith intact control,

STZ-induced oxidative stress and reduced cell
viability

A single injection of 74 and 740 nmol 5TZ s gnificantly
incmeased the kevels of thiobarbiric acid eactive sub-
stances (TBARS) in the head of cockroaches by day 7, bt
mly the highest dose increased TBARS after 3 days (Fig. 6).

Head tissue viability Creduction of MTT) was decrased
after 3 days only in the highest dose of STE, But after 7 days,
the reducing capacity of head homogenates was decreased in
the two groups injected with 5TZ , when compae dio intact
contm] groups (Fig, 7.

Glutathione 5-transferase activity and total thiol
levels

GST activity (Fig, 8) was significantly incmeased in the
T4 nmol STZ weated group by day 3. By day 7, bath 74
and 740 nmol STE groups had s mificant inerease in GST
activity compansd with intact control and sham inge cted
groups, Similarly, wial thiol levels (Fig, @ wer significanty
increased in the 74 and 740 nmol S5TZ wealed groups on
chvs 3 and T companed with i mact control and sham inected
£ PE,

Expression of head glucose transporter 1

Injecton of STE (74 and 740 nmal) upregal ated the expres-

ston of solute carrier Family 2, facilitate d g ueose ransporter
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Head triglyceride content

30 -

ul
Day 3

Flg. 5 Trighoende conent in fead homogenae 3 and 7 days afler
a single injection of ST mmment, Two-way ANOWA indicaled
a significant wileraction beiwesn eatments = Cine [F 0 7i=5800;
F=000249). All values are mean+ SEM. Post hoo analyas by Tuk-

TBARS levels

Il Control

B 0.8 NaCl

B T4 nmol 5TZ
Bl 740 nmol STZ

units/g Hesue

Day ¥

Diary 3

Fig.& Bztimation of THARS kvl in head homopemie 3and 7 days
after ST mweatment Twoeway ANOVA indicaied a significan nman
effect of smepoecocin meEament [F 03, 16=699; P=00002]
Becase ST caused an increase in THARS kEwls 3 (740 nmol STZ
groupd and T days (both ST poups alter the injection, All values
ame mean+ SEM. Pod hoo analysis by Tukey's st indicated dif-
Emnces beween groups: ¥ oand ** indicae a dilference of at least

Pl 08 beiwesn groups ¥ significant vs inlact ¢ onal; ** dpnificant
va intact contral and sham ing cied group

member 1 (GLUT1) in the head of N, cierea nym phs,
T days after STE adminma ration [H= 1985, P=0.002]
iFig. 101,

Phylogeneticrelationship between Nouphoeta
cinerea GLUT1 with the GLUT1 of other insects

In anattempt toexamine the evoluliomy congmvation of
our Nauphoeta cinereq GLUTL, we compared the GLUTI
sequence o Nawphoeta cinerea with those of seven other
inmcts, including at kas one mepesnative of the three

27

Bl Control

Bl 0.8% NacCl

HEl 74 nmol STZ
2 Bl 740 nmol STZ

Day7

ey s tesl ndicaed differnoes beoween groops: * ndicaes a differs
ence of al least P <008 between groups, ¥ agnificant ve intact con-
ol

Eztimation of viable cells

Em Contrel

£ 4 Bl 0.B% NaCl
E BEm 74 nmel 312
£ 3 = 740 nmel §TZ
=
E 3]
£
g4

ﬂ.

Day 3

Day 7

Fig. 7 Bstlmation of head homogenate mducing ability by MTT
mduction Twooway AN A Indicaled a significant inleraction
Felwzen eatmenis = gme [F 3, 560=137; P< 000001 ] Al values
ae meant SEM, Post hoe analysis by Tukey's ed indeaed dir-
Emnces berween groops: ¥ and ¥ indicae a diffeence of ai kast

P 0UDE betwesn groups, ¥ significant vs inact control; **% signili-
cant ¥ s intact conmal, sham e cied and 74 nmol 5T injection

subilivisions of the Neopterainfra-class; Poyneoptera, Pamne-
aptem and Holometabola (Fig, 110, The GLUT 1 of Nauphoaa
cinerea 15 in the same clade as the GLUT! of dootermopas
nevadengy and Crypratermes secundus, which s supporied
b 996 af bootstmp analysis and suggests o common ancestry
between N, cinerea, Z. nevadenss and C. secundus.
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B Control

Bl 0.8% NaCl
Bl 74 nmal 5T2
Bl 740 nmol 312

imin‘'myg protein

el G ORE-GEH Camplex Fanmed

Doy 3 Duy 7

Fig.8 Glutathione 5 ransi e activity in head homopsnate 3 and
T days after ST tearnent, Two-way ARNOVA indicaied o dgnificani
intemotion between reatment = dme [F (3, 5= 100, P< 00001
All values are mean+ SEM. Post hoe analysis by Tukey's ed indi-
cated difference s berween groups: * and * ndicate a dilference of a
leag P (0008 beween gronps, * significant vs intacl contmol; *% dg-
nificant vs et control and sham njeced group

Total thiol

B Control

B 0.8% NaCl
B 74 nmaol 5T2
I 740 nmol 5TZ

unitsimg protein

Day 3

Duay 7

Fig.9 Towal thiol levels 3 and 7 days afler ST weatmenl Twio-wiy
AROYA ndicae d a sgnificant ine meion beiwes n eaiments = Ume
[#F0l, 2Ei=d4. 38 P=00d461 ] All values ae mean+ SEM. Post hoc
nnﬂhls'm h_'ll Tulir!_'ll s oteal indicaed difemnces betwesn EIOUpE, *
and ** indicale a difference of at leag P<005 beiween groups, *
signilicant vs intact control ** significant vs niact contral and dham
injectsd group

Discussion

The points of evidence obtained here indicale N, cinerea
as a viable model for studving glucose dy shome ostasi s,
Orur data de monstrate dan increase in bead ghicose content
and oxidative stress of cockmaches injected with 8TZ, a
known alkylating agent. We Turther delineate d substanti al
mecuction in fat body glycoge ncontent, aswell as, in ace-
tvlcholinesterase activity, triglveeride levels and dehydro-
penases in head of STZ-injeoted nymphs. Therefore, we
inkrthat STZ toxicity inte s with glicose utilzation
in the head and fat body of cockmaches, while reducing
their post-exposure survival,

Bocell evtotoxic agents like allocan and stmeptoso-
tocin are widely used to induce diabetes-like conditions

&) Springer
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GLUT1

5
g
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h
i
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fa. ]
i

Day T mRNA levels of GLUTY
relatlve ta contral
-
o
i

0.0-

Q{L 5;3'
& Qsﬂ”'f &

Groups.

Flg. 10 Glucose Iransporier 1 [ﬂ|.”r1:| m BMNA ea.p'\e:ix'l.ln i l,|"|r!
head of mymphs after 7 days of a dngle ST injection Kmskal-Wal
fis st folkwed by Dunn's maliple comparisons @st showed sig-
nificant upregulaton of the glueose meponer 1 [P=000002]. Al
vabes are mean+ SEM. ** indicates a differe rice of at Bast P < (005
Ptveen proups, ** sipnilicant ve intact contml and sham injeced
BTGl

in veriehrates [41, 42], and there are afew reports about
alloan-induce dhy perglveemia in2 . melarogarter and V.
anentalis [24, 47], Furthermore, hyperglyeemia has been
shown to inhibit glycogen synthase activity in mice [61]
and i adipocyvies in vitmo [62], themeby perorhing gly-
cogen synthesis and storage [63], These lend credence o
our fnding of redoced Fat body glyeogen content in STZ
treated ny mphs, Toehaloge ne sis inbe moly mph and teha-
lose hydmlysis in the central nervous system (CNS) ane
crucial for neural glucose uptake ininsects [64]. We found
incrased head glicose content in the ny mphs treated with
ST, which suggesied an increase in rehalose hydrmlvsis,
probably secondary to the reduced capacity Tor glyeogen
s nthesis and storage inthe fat body, These msults ame in
accordance with data from mammals, where almost four-
fold increase in brain glucose content of hypergly cemic
rats [65, 66] and humans [67 ] have been meported.
Ourdata indicated a significant reduction in AChE activ-
ity of STE-treated mymphs alter 7 days, Acetylcholine is an
important neomotmmsmiter inthe inect CNS [68], 5TZ-
induced hypeglveemic state may therefore be disrupting
chalinergic neurotransmission in the lobster cockroad, The
inhibition of cholinegemses and subseque naccu molation
of acetvlchaling is 4 known mechanism of emobiote wxic-
ity to neural and peripheral cells [69, 70]. Hyperglveemia
has also been associated with a deorease in AChE activity
in modents [71], and in the v O melanogavter [21]. This
may suggest increased acetvlcholine levels in the head of
STE treated cockroaches. STE treatment also s gni Aeantly
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Fig. 11 Phylogenzde  mlatonship  belween  Nauphosta  cdeea
GLUTT and the GLUTL of aher insecis, Evalutonary hisiory was
infermed by neighbor joining method with booEmp branch suppon

reduced survival of cockroaches as seenin mi ce models that
present upregulation of pm-apoptotic markers and down-
regulation of pro-survival proteins [72]. There 15 a necord of
increased mortality in ML sexra treated with asimilar dose of
STZ [23]. This was also e fecte d in our findings of edoced
total body mess and head riglyeeride contentin 5T treated
nymphs. Inahility to gain weight [73] and reduction in brain
Erighvoe ride coment bave also been econded in 5TZ treated
rats [74, 75). Glucose dyshomenstasis is also correlated with
reduced body wei ght and triglyeeri de content in 02, mela
nogaster [76],

We recorded increased levels of TBARs in STE treated
nymphs, which has also been reported in STE reated rats
[771, cell coltume models of by pe gl caemia [78], and dia-
betic humans [79]. Hyperglveemia is known @ trigger
superonide production [80] by four mechanisms, one of
whidch is the inereased format ion of advanced gh catione nd-
product (AGE) [21] The maltan oxidative gmss can acti-
vale nuelear factor erythroid 2-related factor (N 2) which
upregulate s the expresson of antocidant genes [T8, 82].
In our study, the e was g concurment incmease inantiodidant
and dewxification profile (GST and GSH) of 5TZ meated
cockroache s, which 1s similar to the data m increased GST

29

T. costanewm

100 Techtl X3
.ml‘E,— Tt X1
&5 | To&lutl X4

performed 100 dmes Bmnch length iz synonymons 1o evolubonary
distance compuie d by Polsan e omection meihod

activity in plasma, kidney and heart of 5TZ treated rats
[B3], amd the concomitant increase in TBARS kvels and
otal GST meeonded in . melano gaster exposed 1o alloxan
[24]. In this study, GST activity showed ahormetic nesponse
to STE desage, which may indicate a reduced capacity for
dhetond fication after high dose exposure w 5T in the Lobster
cockroach, The inverted U shaped dose nesponse of GST o
menobiotics has been earlie reponed [84, 851 MTT rduc-
tion revealed significant decrease in reducing capacity of
he pd homogenates of STE meated nymphs, MTT reducton
is mediated by deby dmgenases [55, 86], thus the dorae
in reducing activity of head homogenates may be a con-
sequence of NAD-MNADH depletion in cockroaches reated
with g plozotocin or adinset alky lation of deby diogenases
by STZ.

The open dreu atory system in insects require that the
nervous @ stem be prote cied from fluctuating solute con-
centrations via the hemoly mph-bmain barrier (HBB ) [57,
B8], As early as the 17th embryonic stage, subper neurnial
glial cells (SPGs ) perineurial glial cells (PGs jand a neural
lame la ame known to cormstitute the HBB in drosophila [29],
similar © the vertebrate neurovaseular unit (MY [90].
Consequently, partiiming of circulation from the brain is

&) Springer
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conserve d from vertebmies to imverebrates, and this might
explain why SPGs express transporters of the solote car-
rier family (SLC) [91] like SLC2A] (glucose transporter
GLUT 1} —a carrie r mediated trmmpon protein marked by
Michaelis—Menten kinetics [92]. Peripheral strepmenioein
imection is known to elevate bramn glucose content [65, 6]
and GLUT | mRENA ex pression [66, 93] in mis, similar to
our findings of upregulated GLUT | mBEMNA in headks of 5TE
trzated nymphs of &, cinerea. This suggested that the 8TZ-
induced inemage in head glocose content could probably be
associated with the observed increase in glucose tmnsporter
| expression in the head (hemolymph-brain barrier) of the
labster cockmach after tecic teatment with STZ.

Conclusion

The lnhster cocknach is a viahle mode] for studving diabe-
tes-like phenotype s, as similar glucose dyshomeostases that
have been modeke d in 2, mglarogaser and mammals ane
achievable in N, cine rea.
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Highlights
e Streptozotocin activates primary antioxidants genes of Nauphoeta cinerea.

e JNK, TOLL/NF-kB and JAK/STAT pathways are activated in STZ-treated Nauphoeta

cinerea.

e GST sigma class secondary structure elements are conserved from Nauphoeta cinerea

to mammals.

e This study buttressing support for Insect use in studying metabolic diseases like

diabetes.
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Abstract

Streptozotocin exhibits tropism to insulin-producing beta-cells in mammals and has been
used to model diabetes-like phenotypes in insects. We have previously shown increased brain
glucose levels and oxidative stress in STZ-treated nymphs of Nauphoeta cinerea. Here,
we validate Nauphoeta cinerea as an experimental organism for studying STZ-induced
metabolic disruptions by investigating the potential changes in the expression of inflammation
and antioxidant related genes. Cockroaches were injected with 0.8% NaCl, 74 and 740 nmol
of STZ. mRNA extracted from the head of cockroaches was used to estimate the RT-gPCR
expression of inflammation and antioxidant genes. STZ-treatment upregulated the target
genes of the JNK pathway (early growth factor response factor and reaper) but had no effect
on PDGF-and VEGF-related factor 1. TOLL 1, the target gene of TOLL / NF-kB pathway was up
regulated, while both the activator and target gene of the UPD3/JAK/ STAT pathway
[unpaired 3 and Suppressor of cytokine signalling at 36E] were upregulated. mRNA levels of
primary antioxidants (superoxide dismutase and catalase) were increased in STZ treated
nymphs but there was no effect on thioredoxins and Peroxiredoxin 4. Likewise, STZ treatment
did not affect the expression of the delta class of the glutathione S-transferase gene family,
but the sigma and theta classes of the GSTfamily were upregulated. The STZ-induced N.
cinerea gene expression modification demonstrates the involvement of primary antioxidants
and the GST detoxification system in the cockroach oxidative stress response and buttresses

the proposed crosstalk between inflammatory and redox pathways.

Keywords: JNK pathway; TOLL/NF-kB pathway; UPD3/JAK/ STAT pathway; primary

antioxidants; GST Phylogeny
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1. Introduction

Gene expression studies have been established as useful tools for understanding reduction-
oxidation (redox) and inflammatory changes in living systems, as there are recent indications

of a cross-talk between inflammation and the regulation of redox pathways [1,2].

Reactive oxygen species (ROS) are generated in response to endogenous and exogenous
stressors, including compounds like streptozotocin that have been linked with increased
superoxide production in the mitochondrial electron transport [3—5]. The oxidative stress has
been shown to activate insect pro-inflammatory pathways (Scheme 1) including: Janus kinase
/ Signal Transducer and Activator of Transcription [JAK-STAT]; Tumor necrosis factor alpha-
induced activation of c-Jun N-terminal kinase [ TNF/JNK]; and TOLL-like receptor 2-mediation
of nuclear factor kappa-light-chain-enhancer of activated B cells [TOLL/NF-kB ], which are
analogues of the mammalian Interleukin 6, Tumor necrosis factor, and TOLL-like receptors

respectively [6-8].

Three main mechanisms are employed by insects to counteract damages caused by reactive
oxygen species: activation of cell signalling, use of antioxidant enzymes and free radical
scavengers, and the repair of already damaged cells [9-11]. Antioxidant enzymes can be
divided into primary antioxidants, second line defence systems and other enzymatic
antioxidants [12]. Primary antioxidants are mostly enzymes that directly react with reactive
species, for instance, superoxide dismutase enzymes (copper, zinc Cu/Zn SOD or manganese
MnSOD) catalyse the dismutation of 20; to yield hydrogen peroxide (H202) and oxygen (O2)
[13]. Catalase (CAT) and peroxidase (PRX) then eliminates H>O; by forming water (2H>O) and
oxygen (O2) [14], but PRX’s depend on glutathione (GSH) and reduced thioredoxin (7RX) to

reduce H>O» [15] (Scheme 1).
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The thioredoxin system consisting of thioredoxin, thioredoxin reductase and nicotinamide
adenine dinucleotide phosphate is conserved from prokaryotes to eukaryotes. Albeit, while
humans harness both flavoenzymes — glutathione reductase (GR) and thioredoxin reductase
(TrxR) in dealing with oxidative challenge, many insects replace the GR glutathione reduction
(Reaction 1) with the TRX system (Reaction 2) [16]. Similarly, the active sites of multi-
functional enzymes like glutathione S-transferases that mainly detoxify xenobiotic
electrophilic compounds via glutathione (GSH) conjugation are conserved (Reaction 3) [17].
GST delta (GST d) and epsilon (GST e) detoxify insecticides, GST sigma (GST s) protects
metabolically active tissues from lipid peroxidation products, while GST omega (GST o), theta
(GSTt) and zeta (GST z) are primarily involved in metabolic processes [18,19]. The sigma class
of glutathione S-transferases use a tyrosine as catalytic residue [20], and features a proline /
alanine-rich N-terminal extension whose truncation does not affect the enzyme’s kinetic
parameters [19]. Structure-function relationships have been delineated for mammalian and fly
GST sigma [20,21], we herein compare the amino acid sequence of Nauphoeta cinerea GST
sigma with those of organisms with verified crystal structure, while analysing its phylogenetic

relationship with other insect GSTs.

GSSG + NADPH + H=—> 2 GSH + NADP* (1)

NADPH + H* + TrxSz—»  NADP" + Trx(SH), )

HNE + GSH = GSHNE (open form) = GSHNE (cyclized) 3)

Lastly, the cell membrane and other biomolecules that are damaged by free radical exposure
are repaired and reconstructed by de novo enzymes like polymerase, glycosylase, nuclease,
proteinase, protease and peptidase [22]. We have previously reported the induction of oxidative

stress and altered glucose metabolism in STZ-treated Nauphoeta cinerea [23]. Likewise,
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Nauphoeta cinerea is increasingly been used to illustrate the interaction of xenobiotics with
biological systems [24-26], as insects have proved effective in modelling metabolic alterations
that characterize human diseases [27,28] We herein investigated the potential molecular
mechanisms by which pro-inflammatory and antioxidant genes participate in STZ-induced

metabolic disruptions in the head of cockroaches.

Streptozotocin
OH

JAK-STAT TNF/INK TOLL/NF-kB
4 a ‘

H

\0 TO\ or 02

Catalase
GPX, PRX

Inang et ol 2016

{_Antioxidant
Response
J &

/ Detox (GsT)

LY
0N, 02

Scheme 1: Summary of possible mechanism for the antioxidant and inflammation-related

response to streptozotocin-induced oxidative and cellular stress.
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2. Materials and Methods

2.1.Chemicals

Streptozotocin was purchased from Sigma Aldrich, USA; Trizol™ reagent and platinum taq
{T™

DNA polymerase were bought from ThermoFisher scientific, USA; DNase and GoScrip

reverse transcriptase were purchased from Promega Corp, USA.

2.2. Insect experimental design

Male and female nymphs of Nauphoeta cinerea were obtained from Departamento de
Bioquimica e Biologia Molecular, Universidade Federal de Santa Maria, Brasil. The insects
were housed in 21.5¢m x 21.5¢cm x 8.2cm; 2.5L translucent boxes in an observation room with
a 12 hour dark-light cycle, average temperature of 24°C (minimum/maximum variation of about
3°C), humidity of 57 — 75%. The nymphs were allowed access to water and feed freely, and the
feed constituents are as we have earlier shown [23]. Two hundred and sixteen (216) nymphs
were acclimatized for one week, weighed and randomly designated to a triplicate of four groups
(n=6), including: intact control; sham injection (0.8% NaCl); 74 and 740 nmol of STZ injection
per cockroach. 20 ul of 74 nmol STZ injection had a concentration of 3.7 mM, while 20 pl of
740 nmol STZ injection had a concentration of 37 mM. Seven days after the single dose of STZ
or sham injections, 3 heads per tube were homogenized with Trizol™ reagent, in six biological
replicates per group and stored at -70°C pending RNA extraction. Normal saline (0.8% NaCl)
was used as vehicle to dissolve the streptozotocin which was injected into the second right
dorsal thoracic segment of each nymph. The dosage of treatment and duration of monitoring

were based on earlier described pilot study and biochemical experiments [23].

2.3.Primer design, sequence alignment and phylogenetic analyses.
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Gene sequences of insects within the Blattodea order were used to query our Nauphoeta
cinerea transcriptome [29]. The ensuing sequences were confirmed on the NCBI blast platform

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and used to design gene primers of interest on the

Primer3input website (http://primer3.ut.ee/) which were verified with Oligoanalizer

(https://www.idtdna.com/pages/tools/oligoanalyzer). The gene sequences were also used as

part of our phylogenetic workflow, alongside sequences from representative orders of the three
Neoptera insect superclass (Polyneoptera, Paraneoptera and Holometabola). Molecular
evolutionary genetics analysis (MEGA 5) [30] was utilized in the conduct of multiple sequence
alignments via multiple sequence comparison by Log-expectation (MUSCLE) [31] with default
gap penalties. Positions that were poorly aligned were cleaned up by Block Mapping and

Gathering with Entropy (NGphylogeny.fr), and insect phylogenetic relationships were inferred

by neighbour joining method [32] with 100 bootstrap replications as we have earlier described

[23]

2.4 Real-time Polymerase chain reaction.

Total RNA from head of nymphs was isolated as described in the Trizol™

reagent protocol
(ThermoFisher scientific, USA). DNase treatment (Promega Corp, USA) was used to ensure
purity of the samples, and quality of the isolated RNA was ascertained by spectrophotometry
(using NanoDrop™ 2000 at 260/280nm) and agarose gel electrophoresis. Reverse transcription

of 1ug Total RNA was performed using GoScript™

protocol (Promega Corp, USA) with a
T100™ Thermal Cycler (BIO-RAD, China). Real-time PCR was carried out using a
QuantStudio 3 RT-qPCR System (ThermoFisher scientific, USA). Each well contained a final
volume of 20 pl; 10 ng of cDNA and the reaction mix comprising of 0.2 uM of each primer

(forward and reverse), 1 X buffer, 0.2 mM dNTP,2 mM MgCl, 0.1 X SYBR green and 0.25 U

of Platinum Taq DNA Polymerase (Invitrogen ®), made up with ultra-pure deionized water.
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The cycling procedure used was: 94 °C for 5 min; 40 cycles of 94 °C for 15 s, 60 °C for 10 s
and 72 °C for 30 s; and 1 cycle of 94 °C for 10 s, 55 °C for 60 s and 94 °C for 15 s as we have
earlier explained [23]. The efficiency of each primer to bind to its target gene was evaluated
using pools from all samples, five-point dilutions were made to obtain one standard curve for
each primer. The results were analysed with the QuantStudio™ Design and Analysis software
and only primers with 100% efficiency were used. The normalizer genes were tested using
BestKeeper [33] and NormFinder [34] software. Among TATA-Box binding protein (7BP),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), eukaryotic translation elongation factor
1 alpha 1 (EF1A41), glycerol-3-phosphate dehydrogenase (GPDH) and Tubulin, the most stable

normalizer gene was GAPDH. Primer details are shown in Table 1.

Table 1: Primer Information for Nauphoeta Inflammation and redox genes.

Oligo Primer — Sequence (5'- 3") Annealing 0% Identity — Specie
name Temperature
EGR F-CACTTGTATGGCAGGTATTGGA ] 67.03 - C. secundus.
E-GGATGAACACGATGTAAATGGA T0.12 - Z. nevadensis
32.14 - T castaneum.
PVFI F-AGCATTCCACAGCCTCGTAT ] 31.30 - B. germanica
E - GTTGACTGGGAGTCTGAGCA 4532 - O secundus,
46.08 - Z. pevadensis,
RFR F - CGAAGAGCGAGAGAGGATTG &0 8578 — C. zecumdus,
E - CAGGATGGTCTGCTGAAGGT 83.07 - Z. nevadensis
35.28 - T cantaneum.
ToLLl F-TIGTGTTTCTGGACATCAGTCATAA 60 38.44 — B, germanica
E-CATGCAGATTGTTGTGTITCCA 36.42 - C. secundus,
36.33 - Z. pevadensis,
SOC536EF F-GGTGCTGGTGTCATATTITGAAG ] 37.18 — B. germanica
R -TCTGCTGGAGATTGAACTGC 82.65 - C. secumcdus,
§2.65 - Z. nevadensis,
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Tubulin

F-GGAACATCCACCTCTGATCG
FE-TAGGAGGACCCGAGAATGTG

F-GTATTCTGGTGGCTGCGAAA
E-TAAACCCAACACAGAGCCTTG

F-ACGAGATCCAGCATCTGACC
E - CTCCACGGTTATCCACAGGT

F-GCTGTTCTATCCGCTGGACT
FE - CACTGAGCAAGCAACGACTT

F- AGTATCCACGCGCCGTATT
E-TGGGGTCTGCTCCTTGTATC

F-TTATCAGCATTGGCACCAGA
E - GCTGAATATCCGGCTGTCAT

F-TCCTACCTGGGATGCTCTTG
FE - CCGAGCCTAGCATTTCACTT

F-GGGACCTCTGAATGACGAAA
E-CATGCCGTCCAAATAATCAA

F-AATCGGCGTTGATCTGAATC
R -CGOGCAAATAGCTCGACTTTC

F-AAGAAATGGGTTGCAGGAGA
E - CATTGGGATGCTTGCTITACA

F-GGTGCGAATGTGGAGTACAG

B -TAGTGGCTCCAGTGCAAGTC

F-CCGTGTCCCTGTTCCTAATG
E-GTCCAAGATGCCCTICAGAG

F-CGTGTCTGTTAAGGAACTGC
E - CAAGCAATGTGAGCTGTATG

F-AGTTCATCAGGACGCTCTGC
FE - AGATCAATGCTGCCATCCTC

F-TTGCCAGTGATGAGTITGCTC
B -TAGTGGCTCCAGTGCAAGTC
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2.5. Statistical analysis.

GAPDH was chosen as reference gene for statistical analysis. The QuantStudioTM Design
and Analysis software was used to generate cycle threshold (CT) values that were analysed
by the comparative CT method (2-AACT - Livak & Schmittgen, 2001). CT values were the
evaluated with GraphPad Prism 6 and analysed using Kruskal-Wallis test followed by
Dunn's multiple comparisons test options. Results appear as Mean + SEM. P<0.05 was

considered significant.

3. Results

3.1.Streptozotocin injection induces inflammation-associated signalling gene transcription

in Nauphoeta cinerea.

We studied three target genes of JINK pathway in the Nauphoeta cinerea [Early growth
response (EGR1), PDGF- and VEGF-related factor 1 (PVF1), and reaper (RPR)]. STZ injection
(74 and 740 nmol/nymph) significantly upregulated EGRI [H=19.52, P=0.0002; Fig 1A] and
RPR [H=20.17, P=0.0002; Fig 1B] mRNA levels. Albeit there was no significant difference in
the mRNA levels of PVFI [H=2.85, P=0.415; Fig 1C] across groups. STZ injection (74 and
740 nmol/nymph) significantly upregulated mRNA levels of the TOLL/NF-kB pathway target
gene: TOLLI [H=19.74, P=0.0002; Fig 1D] and the activator of the JAK/STAT pathway;
unpaired 3 (UPD3) [H=19.98, P=0.0002; Fig 1E]. Albeit there was no significant difference in
expression of the target gene of the JAK/STAT pathway; Suppressor of cytokine signalling at

36E (SCOS36E) [H=2.675, P=0.4445; Fig 1F]
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Figure 1. Streptozotocin injection induces inflammation-associated signalling.in Nauphoeta
cinerea. mRNA expression was assessed by RT-qPCR and analysed by Kruskal-Wallis test
followed by Dunn's multiple comparisons test. n = 6. (A-C) Expression of target genes of the
JNK pathway in N. cinerea 7 days after STZ injection (74 and 740 nmol/nymph). There was
significant upregulation of EGR [H=19.52, P=0.0002] and RPR [H=20.17, P=0.0002], but there
was no significant difference in mRNA level of PVFI [H=2.85, P=0.415] of STZ treated
nymphs relative to control. (D). Expression of a target gene of the TOLL/NF-kB pathway in N.
cinerea 7 days after STZ injection (74 and 740 nmol/nymph). There was significant
upregulation of TOLL1 [H=19.74, P=0.0002]. (E-F). Expression of an activator and a target
gene of the UPD3/JAK/STAT pathway in N. cinerea after 7 days after STZ injection (74 and
740 nmol/nymph). There was significant upregulation of UPD3 [H=19.98, P=0.0002] and
SCOS36FE [H=17.03, P=0.0007]. All values are mean=SEM. Post hoc analysis by Tukey’s test
indicated differences among groups. Groups with different letters are significantly different

from control group (shown as dotted lines) and from themselves at p<0.05.
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3.2.Streptozotocin injection activates primary antioxidant genes but has no effect on

peroxiredoxin and thioredoxin genes of Nauphoeta cinerea.

We quantified the mRNA levels of primary antioxidant genes of Nauphoeta cinerea
treated with streptozotocin. STZ injection (74 and 740 nmol/nymph) significantly
upregulated SOD [H=19.74, P=0.0002; Fig 2A] and catalase [H=15.16, P=0.0001; Fig
2B] but there was no significant difference between PRX4 mRNA levels [H=3.73,
P=0.1572; Fig 2C] across groups. A hormetic response in which 74 nmol STZ injection
upregulated mRNA levels of SOD and catalase more than 740 nmol STZ injection was
recorded. We further quantified mRNA levels of second line antioxidant genes of
Nauphoeta cinerea treated with streptozotocin. Three isoforms of TRX (TRX1, TRX2 and
TRXS) were measured and we found no significant difference in the mRNA levels of the
TRXs across groups [TRX1 (H=2.322, P=0.5083; Fig 2D], TRX2 [H=0.6976, P=0.8738;

Fig 2E] and TRX5 [H=1.808, P=0.6161; Fig 2F].
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Figure 2: Streptozotocin injection activates primary antioxidant genes but has no effect on
thioredoxin and peroxiredoxin genes of Nauphoeta cinerea. mRNA expression was assessed
by RT-qPCR and analysed by Kruskal-Wallis test followed by Dunn's multiple comparisons
test. n = 6. (A-C) Expression of primary antioxidants of N. cinerea 7 days after STZ injection
(74 and 740 nmol/nymph). There was significant upregulation of significant upregulation of
SOD [H=19.74, P=0.0002] and CAT [H=15.16, P=0.0001] but there was no significant
difference between PRX4 mRNA levels [H=3.73, P=0.1572] of control and STZ treated
nymphs. (D-F). Expression of second line antioxidants of N. cinerea 7 days after STZ injection.
STZ injection had so significant effect on mRNA levels of TRX1 [H=2.322, P=0.5083], TRX2
[H=0.6976, P=0.8738] and TRX5 [H=1.808, P=0.6161] when compared with control. All values
are mean+SEM. Post hoc analysis by Tukey’s test indicated differences among groups. Groups
with different letters are significantly different from control group (shown as dotted lines) and

from themselves at p<0.05.
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3.3.Streptozotocin injection stimulates the glutathione S-transferase gene family of
Nauphoeta cinerea.

We studied three GST classes (GST sigma, GST delta and GST theta) and found that GST
theta had the most prominent response amongst STZ treated nymphs of N. cinerea. STZ
injection (74 and 740 nmol/nymph) significantly upregulated GST sigma [H=15.16, P=0.0001;
Fig 3A] and GST theta [H=20.72, P=0.0001; Fig 3C] but we found no significant difference in
the mRNA levels of GST delta [H=2.032, P=0.5658] across groups. A hormetic response in
which 74 nmol STZ injection upregulated mRNA levels of GST sigma and GST theta more than

740 nmol STZ injection was recorded.
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Figure 3: Relative mRNA levels of glutathione S-transferase gene family of N. cinerea 7
days after streptozotocin Injection (74 and 740 nmol/nymph). Kruskal-Wallis test followed by
Dunn's multiple comparisons test (n=6) showed significant upregulation of GST sigma
[H=20.72, P=0.0001] and GST theta [H=20.72, P=0.0001], but there was no significant
difference in the expression of GST delta [H=2.032, P=0.5658]. All values are mean+=SEM.
Post hoc analysis by Tukey’s test indicated differences among groups. Groups with different
letters are significantly different from control group (shown as dotted lines) and from

themselves at p<0.05.
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3.4.Multiple sequence alignment and evolutionary history Neoptera cinerea glutathione S-

transferase sigma.

One hundred and twentyseven (127) glutathione S-transferase amino acid sequences were
aligned to generate an unrooted neighbour joining tree for three cohorts (polyneoptera,
paraneoptera and holometabola) of the Neoptera insect infraclass. We included all the
transcripts variant available in the database. The tree showed a clear distinction of Neoptera
cinerea GST sigma from other GST classes while confirming homology between Nauphoeta
GST sigma and the sigma class of other insects (Fig 4A). A bootstrap test verified these results
and the NCBI Blast platform showed a 75.98 % and 69.61 % identity between the Nauphoeta
GST sigma and the GST sigma of Blatella germanica and Cryptotermes secundus respectively.

A structure-based amino acid sequence alignment between Neoptera cinerea GST sigma
and the GST sigma of humans, rodents, worm and insects with known 3D-structure was done
to delineate conserved secondary structure elements. GST sigma secondary structure elements
were strongly conserved across the analysed amino acid sequences. They included the GSH

binding sites and some putative electrophilic-binding sites.
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Figure 4: (A). An unrooted phylogenetic tree showing the relationship between the sigma
class of Nauphoeta cinerea glutathione S-transferase (*) and representative members of other
GST classes from the three cohorts (Polyneoptera, Paraneoptera, Holometabola) of the
Neoptera Insect infraclass. (B). Structure-based sequence alignment of Nauphoeta cinerea
glutathione S-transferase sigma and other organisms GST sigma with known tertiary structure.
Regions of sequence conservation were estimated using the AMAS program built by
Livingstone and Barton [36]. Strongly conserved sequences are highlighted in red, while
weaker conservations are highlighted in light green, conserved sequences with known

functional implications are marked in boxes. Secondary structure elements were obtained from

the Protein Data Bank (https://www.rcsb.org/) and marked by blue diamonds to depict some
putative GSH binding sites, yellow arrows to depict some putative electrophilic-binding sites.
The GST sigma amino acid sequences included: Rat (Rattus norvegicus; 035543), Mouse (Mus

musculus; Q9JHF7), Cockroach (Blattella germanica; 018598), Mosquito (Anopheles
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gambiae; P46428), Worm (Caenorhabditis elegans; O16115), Human (Homo sapiens;
060760), Fly (Drosophila melanogaster; P41043), Cockroach (Nauphoeta cinerea; DN30377 —

[29]).
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Discussion

Exposure to stressors like streptozotocin, as well as the hyperglycaemic state they are known
to cause may trigger the generation of reactive oxygen species [37,38], probably via the
production of superoxide in the mitochondrial electron transport [39]. We herein examined the
response of the lobster cockroach to increased brain glucose levels and ROS generation that we
have earlier reported [23] and found significant increase in inflammation-like response via
increased expression of some target genes of the TOLL/NF-kB, TNF/JNK and JAK/STAT
pathways. There was also a concomitant significant increase in relative mRNA levels of some
primary antioxidants, and the glutathione S-transferase (sigma and theta) detoxification
molecules, without subsequent increase in expression of secondary antioxidants. Furthermore,
we delineated similarity between the Nauphoeta cinerea GST sigma and the GST sigma of other
cockroaches and insects, signifying evolutionary conservation of the GST detoxification

system.

The positive feedback control between ROS production by mitochondria and TNF/JNK
signalling [40] may result in necrosis, but JNK may either repress TNF-induced apoptosis [41],
or potentiate 7NF-induced necrosis [42], depending on the cell type in which it is acting. We
have earlier reported reduced quantifiable active cells, as well as increased ROS production in
the head homogenates of cockroaches exposed to streptozotocin [23]. We herein show
increased expression levels of early growth factor and reaper in STZ treated cockroaches, in
consonance with findings of concurrent increase in oxidative stress and increased expression of

target genes of the TNF/JNK pathway in D. melanogaster. [43,44].
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The endogenous cytokine ligand, spétzle is the known Drosophila Toll receptor activator.
The pro-protein (spétzle) is secreted as part of the insect immune response, and also in
proportion to the level of ROS in the tissue [8,45]. Amongst other things, the TOLL pathway
may mediate the elimination of unfit cells [46] through a process that has been tagged as cell
competition [47]. Similarly, unpaired (UPD) - ligand of the JAK/STAT pathway is secreted in
response to tissue damage [48], thereby activating macrophage-like cells to control wound
repair and response to inflammation [49], with negative feedback regulation by cytokine
signalling [SOCS36E] in the fruit fly [50,51]. We found increased mRNA levels of TOLLI and
UPD3 in nymphs treated with STZ, in line with studies showing activation of the NF-kB and

JAK/STAT pathways after disruption of cellular redox state of insects and mammals [52,53].

ROS generation is a natural consequence of energy metabolism in insects and mammals
[54,55], It is also necessary for the functioning of crucial signalling pathways [56]. Albeit,
unfettered ROS production possess significant disruption to normal metabolic processes within
an organism [25,57-59]. We have earlier shown increased oxidative stress in head homogenates
of STZ treated nymphs [23], suggesting that the N. cinerea brain is susceptible to increased
ROS production after STZ treatment and is a viable model for studying disruption of energy

metabolism and redox state in the brain..

We herein studied the stepwise recruitment of antioxidant enzymes by N. cinerea to counter
ROS generation after exposure to the alkylating agent STZ and found significant increase in
mRNA levels of the primary antioxidant genes; SOD and catalase, but there was no difference
in expression levels of PRX4. Both the endogenous elevation of SOD levels and the exogenous
introduction of SOD sources to D. melanogaster have been reported to mop-up free radicals

and increase lifespan [60,61], while catalase is important for insect survival and fecundity
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[62,63]. The basal expression of PRX4 has been shown to be low in the mouse brain [64], and
this may explain the nil difference in PRX4 expression across our treatment groups. Insects
depend on a high intracellular GSH concentration to counteract ROS formation, and a 2 GSH
to GSSG ratio is an established in vivo marker of response to oxidative stress. [65]. The TRX
system contributes to the maintenance of the required GSH concentration [16], but we found
no significant difference in thioredoxin gene expression across groups, suggesting N. cinerea’s
ability to handle some level of oxidative stress without engaging thioredoxins. Our previous
finding of raised total thiol levels in STZ treated cockroaches may help explain the maintenance

of cockroach GSH levels independent of thioredoxins [23].

Glutathione S-transferases are well researched because of their role in insecticide resistance
[66]. Analogous to mammalian Alpha 4-4 GST, insect GST sigma catalyses the conjugation of
GSH with 4-hydroxynonenal; a product of lipid peroxidation (Reaction 3) [ 19], thereby playing
a crucial role in the detoxification process. GS7s are either located in the cytosol,
mitochondria/peroxisome or microsome [67], and GST genes of microsomal origin have been
detected in D. melanogaster and Anopheles gambiae [68,69], but most insect GSTs are cytosolic
[66], which are either homo- or hetero-dimers ranging from 21-28kDa [70]. We found increased
mRNA levels of two isoforms of the N. cinerea cytosolic GST (sigma and theta) in the treated
nymphs, similar to our previous report of increased total GST enzyme activity in STZ-treated
cockroaches [23]. Our results may imply that GST s and GST ¢ are important detoxifying

enzymes in N. cinerea.

56



Conclusion.

This study buttresses the use of Nauphoeta cinerea in the study of toxic substances, as our
results are similar to inflammatory and antioxidant responses that have been recorded in
mammals. We may then suppose that the toxic effect of STZ probably elicits a conserved

response from insects to mammals.
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Abstract

The use of insects to model molecular events that characterize degenerative conditions such
as diabetes was originally met with scepticism. However, the discovery of insect insulin-like
peptides in the 1970’s and the subsequent demonstration of evolutionary conservation of
insulin-related signalling from insects to mammals have highlighted the importance and
reduced cost of insect models in diabetes research. For example, Drosophila melanogaster has
been used to screen genes that are implicated in glucose toxicity. Here, we expand on our
earlier described modelling of streptozotocin-induced brain glucose metabolic disruption in
Nauphoeta cinerea using RNA sequencing analysis to study transcriptional and genetic
signatures of hyperglycemia in the lobster cockroach, in an attempt to provide a framework
for future studies into the deregulation of brain energy metabolism in neurodegenerative
conditions. Nymphs were randomly divided into three groups: Control (0.8 % NaCl), and two
single streptozotocin injection doses (74 nmol and 740 nmol). The signatures of brain glucose
metabolic alteration featured a deregulation of 226 genes at high dose STZ treatment and 278
genes at the low dose, including genes encoding ribosomal proteins and forkhead box (FoxO)
that genome wide association studies (GWAS) have previously identified in relation to organ-
specific diabetes modifications in mammals. Other significantly modified transcripts included
genes encoding BAT 4 protein, pyruvate dehydrogenase protein, GTP cyclohydrolase 1 and
cuticle protein 7, amongst others. Taken together, this study highlights the remarkable

opportunity for Nauphoeta cinerea use as an experimental organism in diabetes research.

Keywords: Ribosomal protein; FoxO; Gene ontology; RNA-seq; Next-gen sequencing;

Transcriptome.
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1. Introduction.

Streptozotocin (STZ) is an alkylating agent used to model diabetes or to treat metastatic
pancreatic islet carcinoma in humans (National Center for Biotechnology Information, 2020).
STZ specifically targets the mammalian beta cells, but there are evidences of both direct and
indirect effects of STZ administration in other mammalian and insect organs (Knoll et al.,
2005; Olagoke et al., 2020). Modelling of the systemic effects of STZ is helpful in deciphering
therapeutic sites for pancreatic cancer treatment and enhance the development of models of
diabetes and neurodegenerative diseasessuch as Alzheimer’s disease (Abdollahi & Hosseini,

2014).

Chronic hyperglycaemic state is known to predispose to end organ damage via two major
mechanisms, including a passive shunt of excess reducing sugar (glucose) through metabolic
pathways (Giacco & Brownlee, 2010) and an active modification of neural gene expression
profile in the central nervous system (Brownlee M, 2001). In this study, we used RNA-seq
transcriptomic and bioinformatics approach to describe expression changes after STZ injection
in the lobster cockroach in order to better understand the effects of STZ in the nervous system

of insects.

High throughput next generation sequencing techniques like RNA-seq allow for
characterizing complex molecular eventslike the qualitative and quantitative characterization
of genetic materials that enable the organization of biological systems (Cembrowski & Menon,
2018; Costa-Silva et al., 2017). Considering that there is no requirement for a prior delineation
of the genome sequence of the organism involved (Collins et al., 2008), this sequencing-by-
synthesis method has been used in transcriptional profiling, differential gene expression

analysis, RNA editing and single nucleotide polymorphism identification, amongst others
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(Schuster, 2008). As such, RNA-seq has been invaluable in advancing novel hypotheses onthe
aetiology and progression of degenerative diseases, thereby highlighting pathophysiological

mechanisms.(Costa et al., 2013; Dixit et al., 2016).

We herein describe STZ-induced changes to the entire head transcriptome of Nauphoeta
cinerea nymphs in a bid to explore the underlying mechanisms of the diabetes-like phenotypes
that we have earlier described (Olagoke et al., 2020). Even though there is currently no
complete Nauphoeta cinerea genome sequence, our laboratory has previously published the
transcriptome of Nauphoeta cinerea head and fat body (Segatto, Diesel, Loreto, & da Rocha,
2018). In this study, more than 157 million high quality reads were gotten from about 183
million total reads via the Illumina semiconductor sequencing method. The differential
expression of genes between STZ-treated and control nymphs was analysed, and relative
expression analyses were carried out to validate the most prominently deregulated protein-

coding genes.
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2. Materials and Methods.
2.1. Chemicals

All reagents used for these protocols were purchased from Thermo Fisher scientific Inc, USA,
except otherwise stated.

2.2.  Insect husbandry.

The lobster cockroach Nauphoeta cinerea was bred at the Biochemical Toxicology
Laboratory of the Centre for Natural and Exact Sciences, Universidade Federal de Santa Maria,
Brazil. Randomly selected nymphs weighing between 0.25 and 0.31 mg were acclimatized in
white translucent cuboid containers measuring 21.5 cm by 21.5 cm by 8.2 cm.. Acclimatization
lasted for one week under similar conditions as the treatment period, including: mean
temperature of 24°C with minimum and maximum variation of about 3°C; minimum and
maximum humidity of 57 and 75% respectively; light and dark cycle of 12 hours each; and

unlimited access to water and feed (composed as described in (Olagoke et al., 2020)).

2.3. Streptozotocin treatment

One hundred and twenty nymphs (male and female) were assigned to three groups of
forty (40) cockroaches each, namely: Control [20 pl 0.8% NaCl injection / nymph], and two
groups of streptozotocin treatment [20 ul 74 nmol STZ injection / nymph and 20 pl 740 nmol
STZ injection / nymph]. Powdery streptozotocin was dissolved in 0.8 % sodium chloride (NaCl).
Furthermore, previous studies showed no significant difference between biochemical
parameters of intact (non-injected) nymphs and nymphs injected with 0.8 % NaCl (Olagoke et
al., 2020), therefore, the control group consisted of nymphs injected with 0.8 % NaCl. All

injections were made in the second right dorsal thoracic segment of the nymphs.
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2.4, RNA extraction and lllumina sequencing.

Nymphs were anesthetized on ice and their heads were excised for total RNA
extraction with the Trizol™ (ThermoFisher scientific, USA) protocol. The quality of extracted
RNA was measured by spectrophotometry (ThermoFisher scientific NanoDrop™ 2000 at
260/280 nm), agarose gel electrophoresis (electrophoresis power supply made by Loccus
Biotecnologia, Brasil) and capillary electrophoresis (Agilent Technologies Bioanalyzer 2100
using the Agilent RNA 6000 Nano Kit). The quantification was made using fluorometry
(ThermoFisher scientific QubitTM 4 fluorometer, using the Qubit™ RNA assay kit protocol).
Ten pg total RNA was purified with the ThermoFisher scientific Dynabeads™ mRNA
purification kit protocol.

Purified RNA was used to prepare the requisite library using ThermoFisher scientific
lon Total RNA-Seq Kit v2. Library pools were quantified using Invitrogen Qubit™ dsDNA HS
Assay Kit. The quality of pools was checked using Life Technologies lon Sphere™ Quality
Control Kit. Template preparation and sequencing was done using Thermo Fisher Scientific lon
540™ Kit - OT2. The sequencing was performed on the lon S5™ system (ThermoFisher

scientific, USA) and the data were collected using Torrent Suite v4.0 software.

2.5. Quality verification and de novo transcriptome assembly
The quality of reads generated by the next gen sequencing system was ascertained on

the FastQC platform https://www.bioinformatics.babraham.ac.uk/projects/fastac/ and

Trimmomatic (Bolger et al., 2014) was used to trim low quality reads and adapters at default

values. Given the unavailability of a reference genome for Nauphoeta cinerea, we made a de
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novo transcriptome assembly from our RNA-seq data using Trinity (Grabherr et al., 2011;
Segatto, Diesel, Loreto, & da Rocha, 2018). We analysed the quality of the assembled
transcripts by computing contig ExX90N50 statistic and Ex90 transcript count (Grabherr et al.,
2011), and assessed the transcriptome completeness by benchmarking universal single-copy
orthologs (BUSCO) (Simao et al., 2015). The bioinformatic analyses were performed on the

European Galaxy web platform https://usegalaxy.eu/ .

2.6.  Analysis of differentially expressed genes.

RNA-Seq data were pseudo-aligned to a reference transcriptome and counted using
Kallisto quant (Bray et al., 2016) on Galaxy version 0.46.0.4 with an average fragmentation
length of 100, standard deviation of fragmentation length of 20, and 100 bootstrap
replications. Count data were analysed with Limma (Law et al., 2014; Smyth, 2005) on Galaxy

Version 2.1 (https://usegalaxy.org/) and the transcripts were annotated on the Blast2Go

platform (https://www.blast2go.com). A cut-off for adjusted p-value was set at <0.05, genes
with positive logFC (difference between sample and baseline) were considered up regulated
while genes with negative logFC were considered down regulated and sequence of each
differentially expressed gene was extracted from the previously described Trinity assembled
transcripts by filtering FASTA on headers and sequences in Galaxy Version 2.1. The GOs
obtained from Blast2Go annotation were organized using REVIGO (Supek et al., 2011).

2.7. ldentification of Nauphoeta cinerea genes and primer design.

Coding sequences of relevant Blattodea genes were downloaded from NCBI (National

center for biotechnology information — https://www.nchi.nlm.nih.gov/) and used to query our

transcriptome (Segatto, Diesel, Loreto, da Rocha, et al., 2018) as we have earlier described
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(Afolabi et al., 2020; Olagoke et al., 2020). The resulting Nauphoeta cinerea sequences were
used to compute relative transcriptional expressions and mRNA levels of deregulated genes.

Primers for RT-gPCR were designed on https://primer3.ut.ee/ and verified using OligoAnalizer

(https://www.idtdna.com/pages/tools/oligoanalyzer). Primer details include: GaPDH sense

CCGTGTCCCTGTTCCTAATG,  antisense ~ GTCCAAGATGCCCTTCAGAG; GPDH  sense
AGTTCATCAGGACGCTCTGC, antisense AGATCAATGCTGCCATCCTC; EFlal sense
CGTGTCTGTTAAGGAACTGC, antisense CAAGCAATGTGAGCTGTATG; Tubulin  sense
TTGCCAGTGATGAGTTGCTC, antisense TAGTGGCTCCAGTGCAAGTC; FoxO sense

TCATTCACGGCACTCACCTA, antisense GGTGCTGAGTCACAAGTCCA.

2.8. Validation of differentially expressed genes by reverse transcription

guantitative polymerase chain reaction (RT-qPCR)

The Trizol™ reagent protocol was used to extract total RNA from cockroach heads.
Sample purity was ascertained by DNase treatment (Invitrogen™ protocol),
spectrophotometry (NanoDrop™ 2000 at 260/280nm) and agarose gel electrophoresis.
Complementary DNA was synthesized from 1 g total RNA (Invitrogen™ protocol), using the
T100™ Thermal Cycler (BIO-RAD, China). RT-qPCR was carried out using the QuantStudio 3
RT-qPCR System (ThermoFisher scientific, USA), with wells containing 10ng cDNA and 10pl
reaction mix comprising [0.2uM of each primer, 1X buffer, 0.2mM dNTP, 2mM MgCl2, 0.1X
SYBR green, 0.25U Platinum Tag DNA Polymerase and ultra-pure deionized water]. The PCR
cycling involved: 940C for 5min; 40 cycles of 940C for 15 s, 600C for 10 s and 720C for 30 s;
and 1 cycle of 940C for 10 s, 550C for 1min and 940C for 15 s. Primer efficacy was ascertained

using pools from all samples as has been previously described (Olagoke et al., 2020).
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2.9. Relative expression validation of differentially expressed genes.

Nucleotide sequences of relevant Nauphoeta cinerea genes were generated as
described in section 2.7.. Results of trimmed transcripts [in section 2.5] of each group were
then mapped to the nucleotide sequence of the target gene on the Geneious 9.1.8 platform
(Biomatters, New Zealand) as we illustrated in Piccoli et al., 2020 (Piccoli et al., 2020). The

relative expression of each target gene was then calculated using the equation:

No of mapped nucleotide in the sample + No of coding sequence nucleotides in the target gene

The ensuing data were presented as Reads Per Kilobase Million (RPKM).

2.10. Statistical analysis.

Gene ontology domains were summarised using REVIGO and frequency of
deregulation was presented as percentages. The specific deregulated genes were then
annotated using LogFC on Blast2Go, with significant deregulation set at adjusted p value of

0.05.

RT-qPCR data was generated on the QuantStudio™ design and analysis software,
evaluated with the comparative Cr method, and analysed with the GraphPad Prism 6 software
using Kruskal-Wallis test, followed by Dunn's multiple comparisons test. mRNA levels were

expressed as mean * standard error of mean (SEM) and significance set at p<0.05.

Differential expression of genes was verified on the Geneious 9.1.8 platform and
analysed using two-way ANOVA [2 (rps3 and rps6) x 3 (0.8 % NaCl, 74 nmol STZ and 740 nmol

STZ) factorial design] and Tukey’s post hoc test on GraphPad Prism 6. Reads Per Kilobase
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Million (RPKM) were expressed as mean + standard error of mean (SEM) and significance set

at p<0.05.
3. Results.
3.1. RNA-seq transcriptome characteristics.

The head RNA-seq transcriptional profile of Nauphoeta cinerea nymphs 7 days after 74
and 740 nmol STZ injection is summarised in Table S1. A total of 183,083,728 raw reads were
sequenced, and there were 157,762,819 reads after low quality reads and adapters were
trimmed with Trimmomatic. The trimmed reads were then used for further transcriptome
assembly, annotation, and analysis. The quality of assembled transcripts that was ascertained
by computing contig ExX90N50 statistic and Ex90 transcript count is shown in Figure S1. There
were 504 highly expressed transcripts which made up 88% of total normalized expression data
(Ex90N50). Furthermore, the completeness of assembled transcripts that was assessed by
benchmarking universal single copy orthologs (BUSCO) is shown in Figure S2. The insecta
orthologous gene library was employed and a total of 1367 BUSCO groups were searched, of
which 789 (57.7%) were complete [complete and single-copy BUSCOs: 474 (34.7%); complete
and duplicated BUSCOs: 315 (23.0%)]. There were 358 (26.2%) fragmented BUSCOs and 220

(16.1%) missing BUSCOs.
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3.2.  Functional annotation of assembled transcripts.

The Kallisto quantification summary of differentially expressed genes with p<0.05 is
shown as a Venn diagram in Figure 1. A total of 254 genes were up regulated in the 74 nmol
STZ vs control group, 114 genes in the 740 nmol STZ vs the control group, and 68 genes in the
74 vs the 740 nmol STZ treatment groups. Conversely, 24 genes were down regulated in the
74 nmol STZ vs control group, 112 genes in the 740 nmol STZ vs the control group, and 24

genes in the 74 vs the740 nmol STZ.
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74 nmol 5TZ vs 740 nmol 577

@ Up regulated

@ Down regulated

740 nmol 5TZ vs Control

74 nmol 5TZ vs Control

Figure 1. Venn diagram showing up (green) and down (red) regulated genes in Nauphoeta
cinerea 7 days after single injection with 74 and 740 nmol STZ. Transcript isoform levels were
quantified using Kallisto (p<0.05) and the intersection between them was calculated on

http://bioinformatics.psb.ugent.be/webtools/Venn/
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3.3. Gene ontology domains of deregulated genes

The gene ontology domains modulated by STZ treatment are represented as: biological
process, cellular component and molecular function, with the most predominantly affected
domain been molecular function. Figure 2 shows the comparison of 74 nmol STZ treatment
with control. Metabolic process, oxidation-reduction process and regulation of transcription
DNA-templated were the most predominant biological processes, while membrane, integral
component of membrane and cytoplasm were the most predominant cellular components,
and catalytic activity, hydrolase activity, nucleic acid binding were the most predominant
molecular functions. Figure 3 shows the comparison of 740 nmol STZ treatment with control.
Oxidation-reduction process, transmembrane transport and proteolysis were the most
predominant biological processes, while membrane, integral component of membrane and
mitochondrion were the most predominant cellular components, and hydrolase activity,
nucleic acid binding and transferase activity were the most predominant molecular functions.
Figure 4 shows the comparison of 74 nmol STZ treatment with 740 nmol STZ treatment. Cation
transport, transmembrane transport and oxidation-reduction process were the most
predominant biological processes, while membrane was the most predominant cellular
components, and cation transmembrane transporter activity, carboxylic ester hydrolase
activity and hydrolase activity were the most predominant molecular functions.

Blast2Go was used to annotate the specific deregulated genes in the gene ontology
domains (biological process, cellular component, molecular function). Genes with positive
logFC were considered up regulated while genes with negative logFC were considered down
regulated. Ribosomal protein was the most prominent up regulated gene in both the 74 nmol

STZ vs control and 740 nmol STZ vs control groups. In the 74 nmol vs control group, BAT4-like
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protein and histone-lysine n-methyltransferase setmar-like protein had the highest up
regulation while pyruvate dehydrogenase protein X component mitochondrial-like, nesprin-1
and Zinc transporter 9 had the most significant downregulation (Figure 5). Conversely, in the
740 nmol STZ vs control group, GTP cyclohydrolase 1, Annexin B9 and fibrillin-1-like had the
highest up regulation, while cuticle protein 7, paramyosin and chromatin complexes had the

most significant downregulation (Figure 6).
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Figure 2: Gene ontology analysis of deregulated genes in STZ-treated Nauphoeta cinerea.

Graphs show the frequency of significantly deregulated genes when comparing 74 nmol STZ

treatment with Control (0.8% NaCl) for molecular function, cellular component and biological

process after 7 days. The full range of significantly deregulated genes is shown in Table S2.
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Figure 3: Gene ontology analysis of deregulated genes in STZ-treated Nauphoeta cinerea.

Graphs show the frequency of significantly deregulated genes when comparing 740 nmol STZ

treatment with Control (0.8% NaCl) for molecular function, cellular component and biological

process after 7 days. The full range of significantly deregulated genes is shown in Table S2.
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Figure 4: Gene ontology analysis of deregulated genes in STZ-treated Nauphoeta cinerea.
Graphs show the frequency of significantly deregulated genes when comparing 74 nmol STZ
treatment with 740 nmol STZ treatment for molecular function, cellular component and
biological process after 7 days. The full range of significantly deregulated genes is shown in

Table S2.
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3.4. Relative expression validation of deregulated genes.

A part of the therapeutic intervention for obesity, diabetes and cancer involves
inhibiting the downstream effector of the rapamycin (mTOR) pathway; ribosomal protein S6.
We have found translational up regulation of ribosomal protein, therefore we focused on the

possible streptozotocin-induced deregulation of ribosomal proteins S3 and S6.
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Figure 5: Significantly deregulated genes 7 days after 74 nmol STZ treatment in Nauphoeta

cinerea. Blast2Go was used to compute the significant deregulation of genes by LogFC when

comparing 74 nmol STZ treatment with control. Positive LogFC values denote up regulation

(shown as blue bars) while negative logFC values denote down regulation (shown as red bars).

Cut-off for up regulated genes shown here is set at 2.35 and the full range of significantly

deregulated genes is shown in Table S3.
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Figure 6: Significantly deregulated genes 7 days after 740 nmol STZ treatment in Nauphoeta
cinerea. Blast2Go was used to compute the significant deregulation of genes by LogFC when
comparing 740 nmol STZ treatment with control. Positive LogFC values denote up regulation
(shown as blue bars) while negative logFC values denote down regulation (shown as red bars).

The full data of significantly deregulated genes is shown in Table S3.



3.5. Relative expression validation of ribosomal proteins.

Ribosomal protein was the most significantly upregulated protein both in the 74
and 740 nmol vs control groups. The eukaryotic ribosome that synthesizes the cellular
proteome is a ribonucleoprotein complex of about 80 proteins and four ribonucleic
acids. Of the ribosomal proteins, the 40S ribosomal protein S6 has been implicated in
degenerative diseases such as diabetes, and the 40S ribosomal protein S3 was strongly
upregulated in our transcriptional profile of streptozotocin treated nymphs. We
therefore evaluated the relative expression of the ribosomal proteins (Figure 7). Two-
way ANOVA indicated a significant main effect of streptozotocin treatment [F (2, 18) =

5.660; P = 0.0124] as STZ upregulated rps3 (740 nmol STZ) and rps6 (both 74 and 740

nmol STZ).
ribosomal protein
6 - *
Bl 0.8% NacCl
Bl 74 nmolSTZ
Y4 Bl 740 nmol STZ
o
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Figure 7. Relative expression of ribosomal protein-encoding genes (40S ribosomal protein S3
(rps3) and 40S ribosomal protein S6 (rps6)) of Nauphoeta cinerea 7 days after single

streptozotocin injection. Two-way ANOVA indicated a significant main effect of streptozotocin
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treatment [F (2, 18) = 5.660; P = 0.0124] as STZ upregulated rps3 (740 nmol STZ) and rps6
(both 74 and 740 nmol STZ). All values are mean + SEM. Tukey ’s post hoc test showed
differences of P <0.05 between groups indicated by * for significant vs sham injected group

and ** for significant vs sham injected group and 74 nmol treatment.

3.6. Relative expression validation of FoxO deregulation.
The O class of forkhead box transcription factors (FoxO) is involved in a wide range of

physiological and pathological processes that significantly impact neurodegenerative
conditions like diabetes. We therefore validated the up regulation of FoxO in our STZ-treated
transcripts. 74 and 740 nmol STZ treatment significantly upregulated mRNA levels of FOXO

[H=13.35, P=0.0001; Figure 8].

FOXO

mMRNA levels of FOXO
relative to control
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Figure 8: FoxO mRNA expression in Nauphoeta cinerea nymph heads, 7 days after single STZ
injection. RT-qPCR mRNA expression was analysed using Kruskal-Wallis test and post-hoc test
was carried out with Dunn's multiple comparisons test. n = 6. There was significant
upregulation of FOXO [H=13.05, P=0.0001]. All values are mean+SEM. * indicate a difference

of at least p<0.05 vs intact control (shown as dotted lines).

4. Discussion.

This study presents the transcriptional profile of Nauphoeta cinerea nymph heads after
dorsal intrathoracic injection with doses of streptozotocin below an earlier determined mean
lethal dose (LD50) (Olagoke et al., 2020). Indeed, low dose STZ treatment deregulated the
expression of more genes than the high dose treatment, as 74 nmol treatment deregulated
278 genes (254 up regulated, 24 down regulated), while 740 nmol treatment deregulated 226
genes (114 up regulated, 112 down regulated). The gene ontology analysis of deregulated
genes showed that molecular functions were the most deregulated across groups, followed
by biological processes, and lastly cellular component. Ribosomal protein showed the highest
level of up regulation (by LogFC) at both STZ doses, hence we examined the streptozotocin-
induced deregulation of the ribosomal protein S3 (that was up regulated by the high dose
treatment), and the ribosomal protein S6 (which is known for its role in diabetes pathogenesis
(Lu et al., 2008; Zhang & Ma, 2020)).

Data from cryogenic electron microscopy and x ray analysis suggests that the ribosomal
protein S3 (rpS3e) is situated at the mRNA entry site of the ribosomal 40S subunit (Anger et

al., 2013; Armache et al., 2010) to initiate translation via start codon recognition and mRNA
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interaction (Shivaya Valasek, 2012). Outside the ribosome, free rpS3e is involved in DNA
repair (Deutsch et al., 1997), immune response and cellular proliferation via the NF-kB
pathway (Wan et al., 2007), inhibition of cancerous cells (Alam et al., 2020), apoptosis and the
autoregulation of its own gene expression (Sykes et al., 2010). Given the recorded DNA
alkylating and carcinogenic effect of streptozotocin in mammals (Bolzan & Bianchi, 2002), as
well as the diminished MTT reduction that we have earlier shown in STZ-treated cockroach
nymphs (Olagoke et al., 2020), it is plausible that rpS3e upregulation is an important
mechanism to protect the Nauphoeta cinerea brain from the molecular manifestations of STZ
proteotoxicity.

Similarly, the eukaryotic ribosome’s main phosphoprotein — ribosomal protein S6 (rps6) —
is found at the mRNA binding site of the ribosomal 40S subunit (Nygaed & Nilsson, 1990) and
phosphorylates at five serine residues in the carboxy-terminal region for ribosomal biogenesis
in the nucleolus and transcript translation in the cytoplasm of mammals and flies (Radimerski
et al., 2000; Reinhard et al., 1994). Where, we report the up regulation of ribosomal protein
S6 in streptozotocin-treated nymphs, similar to results of marked phosphorylation of rpS6 in
rodent diabetes models (Gressner & Wool, 1976; Lu et al., 2008).

Subsequent to the ribosomal proteins, BAT4 protein and histone-lysine n-
methyltransferase setmar-like protein were highly upregulated by the low dose treatment,
while GTP cyclohydrolase 1, Annexin B9 and fibrillin-1 were up regulated at high dose STZ
treatment. The BAT4 protein is coded for by a BAT4 gene that has been shown to be part of a
major histocompatibility complex region in humans, pigs, monotremes and the zebrafish
(Dohm et al., 2007; Renard et al., 2006; Sambrook et al., 2005; Spies et al., 1989). We have

previously shown increased inflammation-like markers in STZ-treated Nauphoeta cinerea (),
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but further studies would be needed to clarify if this increase is related to the up regulation
of BAT4 in this study. Furthermore, the SETMAR gene that codes for the Histone-lysine n-
methyltransferase SETMAR enzyme contain epigenetic activation tags for demethylation at
double stranded breaks to enable protein repair via non-homologous end joining (NHEJ) (Fnu
etal., 2011). The up regulation of SETMAR in streptozotocin treated nymphs suggests that STZ
induces double strand breaks in Nauphoeta cinerea as has been recorded in mammalian
models (Bedoya et al., 1996; Kaina, 1998).

GTP cyclohydrolase 1 is the rate limiting enzyme for de novo synthesis of
tetrahydrobiopterin which facilitates melanin synthesis and is an important cofactor for nitric
oxide synthase (Chen et al., 2015; Tie et al., 2009). Nitric oxide production has been reported
in the Malpighian tubules of insects and there are suggestions of functional conservation from
mammals to insects (Martinez, 1995). The STZ-induced up regulation of GTP cyclohydrolase 1
reported in this study suggests that STZ may affect Nauphoeta cinerea nitric oxide production
as previously shown in mammals (Tie et al., 2009). Furthermore, the calcium dependent
membrane binding protein — Annexin B9 — has been shown to be involved in endocytosis,
leaving the process of protein transport susceptible to heat shock when knocked down (Tjota
et al., 2011). Our result showing up regulation of Annexin B9 and the extracellular matrix
glycoprotein component of calcium-binding microfibrils — fibrillin 1 may represent part of
Nauphoeta cinerea’s defence against streptozotocin cytotoxicity.

Pyruvate dehydrogenase protein X component mitochondrial-like and nesprin-1
(nuclear envelope spectrin repeat proteins) showed the highest down regulation at the low STZ
dose, while Structural components like cuticle protein 7, paramyosin and chromatin

complexes were the most down regulated genes at the high STZ dose. Pyruvate
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dehydrogenase protein X component, mitochondrial-like — also called the E3 binding protein
— is evolutionarily conserved across many eukaryote species as it is necessary for the cellular
respiratory process of catalysing pyruvate dehydration to acetyl-coA (Harris et al., 1997).

Mutations in the E3 binding protein have been linked with pyruvate dehydrogenase
deficiency, lactic acid build up and neurological impairments in humans (Brown et al., 2007).
The STZ-induced downregulation of E3 binding protein recorded in this study is similar to
reports of reduced pyruvate dehydrogenase flux (Page et al., 2015) and increased proportion
of inactive pyruvate dehydrogenase enzyme (Weinberg & Utter, 1980) in streptozotocin-
induced diabetic rats. Likewise, nesprins are known emerin and lamina A vertebrate proteins
of the striated muscle nuclear envelop (J. Zhang et al., 2009). Mutations of nesprin-1 has been
linked with the pathogenesis of Emery-Dreifuss muscular dystrophy and orthologs of the
nuclear membrane protein have been recorded in Caenorhabditis elegans and Drosophila
melanogaster (Fraser et al., 2000; J. Zhang et al., 2009). The proposition that nesprin-1 acts
as a nuclear dystrophin may indicate that our record of nesprin 1 downregulation is another
cytotoxic implication of streptozotocin treatment.

The cuticle protein is an essential component of the insect exoskeleton, alongside chitin.
Cuticle protein composition and degree of cross linking is dependent on the developmental
stage of the insect and affects the physical property of the extracellular matrix (Charles, 2010).
In the same vein, paramyosin — a rod-shaped component of the striated muscle thick filament
with a central a helix flanked by 2 non a helix regions (Vinos et al., 1991) — modulates the
assembly and function of the thick filament (Barany & Barany, 1980). Our report of STZ-
induced downregulation of cuticle protein 7 and paramyosin may in part explain the disfigured

exoskeleton that we noticed during moulting in the STZ treated groups. Furthermore,
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chromatin complexes compact long DNA molecules to prevent damage during cell division.
The STZ-induced downregulation of chromatin complexes recorded in this study may be a
crucial part of the well documented DNA mutating effect of STZ in mammalian and insect cells
(Bolzan et al., 1998; Bolzan & Bianchi, 2002).

Finally, the transactivation of FoxO orthologs via a DNA-binding domain, C-terminal
domain, nuclear export sequence domain and nuclear localization signal domain is conserved
from insects to mammals (Arden, 2008; Webb et al.,, 2016). Consequently, FoxO post
translational modifications for the regulation of longevity and tumor suppression-related
genes (Calnan & Brunet, 2008) is crucial in determining disease pathogenesis, as our record of
FoxO upregulation in STZ-treated nymphs is similar to findings in STZ diabetic mice (Hulmi et

al., 2012).

5. Conclusion

Summarily, we have shown the transcriptional response of Nauphoeta cinerea to low and
high dose of single streptozotocin injection, with a higher rate of up regulation than down
regulation, especially at the low dose. Of particular interest is the up regulation of ribosomal
proteins at both doses, confirming the earlier reported involvement of ribosomal proteins in
diabetes pathogenesis of rodents and humans. The relationship between increased
expression of ribosomal proteins in insects treated with STZ and the deregulation of glucose

homeostasis in N. cinerea will need further experimental data.
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Abstract

Neurosecretory cells in the insect brain synthesize, store and release insulin-like
peptide, similar to the insulin secretory function of the mammalian pancreatic beta cells.
Consequently, the conservation of insulin-related signalling from insects to mammals makes
it possible to study the molecular basis of impaired brain insulin signalling that have been
reported in degenerative conditions like diabetes mellitus and Alzheimer’s disease. Hence, we
examined streptozotocin-induced modulations of the canonical PI3K/AKT and RAS/MAPK
insulin signalling cascades in Nauphoeta cinerea and further explored structure-activity
relationships of the target genes. The cockroaches were treated with a single injection of 0.8%
NaCl, 74 and 740 nmol STZ and monitored for 7 days. RT-qPCR expression of PI3K/AKT target
genes and relative transcriptional expression of MAPK genes was estimated from head mRNA.
Streptozotocin treatment downregulated the insulin signalling pathway ligand /LP but had no
significant effect on the receptor INR. Target genes of the PI3K/AKT cascade were also
downregulated. The adaptor protein (GRB2), guanine exchange factor (SOS) and target genes
(RAS, RAF and ERK) of the RAS/MAPK cascade were upregulated, though there was no
significant difference in the expression of MEK. The upregulation of RAS/MAPK signalling was
confirmed by the increased expression of stress and inflammation associated P38 and JNK
MAPK genes. The homology modelling of N. cinerea A,B,C further confirmed X,Y,Z, as MAPK
structure-function elements were also conserved between N. cinerea and other eukaryotes,

highlighting the suitability of the cockroach to model degenerative diseases.

Keywords: Neurosecretory cells; PI3K/AKT Cascade; RAS/MAPK signalling; P38 MAPK;

Homology modelling
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1. Introduction

The first recorded detection of insulin in the rat brain and insulin-like peptide (/ILP) in
insect brain were in 1978 [1] and 1984 [2] respectively. Thereafter, methods ranging from in
situ hybridization, immunohistochemistry and reverse transcription polymerase chain
reaction (RT-PCR) have been used to detect brain insulin/insulin-like peptide mRNA at
different developmental stages of animals. Insulin-related signalling establishes the necessary
brain circuitries for energy allocation, modulates brain areas that control nutrient metabolism
and regulates mechanisms of adaptive behaviour for energy homeostasis, consequently
impacting brain cell proliferation and overall brain size [3]. A deranged brain insulin signalling
is typical of degenerative conditions like diabetes mellitus and Alzheimer’s disease [4], here,
we model pathophysiological modulations of insulin-like peptide signalling in streptozotocin-
treated Nauphoeta cinerea, in line with our previous report of altered brain glucose and redox
homeostasis in cockroaches exposed to the alkylating agent [5]. We further explored

relationships between the structure and activity of N. cinerea insulin signalling genes.

The presence of neurosecretory cells that synthesize, store and release insulin-like
peptide in insect brain have been well demonstrated [6]. Some researchers have also argued
that insulin can equally be synthesized [7] and stored [8] during development in the rodent
brain, but it is more commonly agreed that insulin gets to the mammalian brain via circulation
[9]. The phosphatidylinositol 3-kinase (PI3K) — protein kinase B (AKT) and mitogen activated
protein kinase (MAPK) cascades are the main mechanisms of insulin action within the central
nervous system [10]. Briefly, the fusion of insulin-like peptide to the insulin receptor a subunit

auto phosphorylates the tyrosine residues located within the cytosolic facet of insulin receptor
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B subunit [11]. The phosphorylated receptor then engages an adapter protein; Insulin receptor
substrate (/RS) to present docking sites for signalling peptides of the PI3K/AKT and RAS/MAPK
pathways [12]. While the PI3K/AKT cascade regulates metabolic homeostasis genes like
Forkheadbox (Fox0), activation of ERK/MAPK at the TEY motif (tyrosine and threonine
separated by a glutamate residue in their activation loop (Figure 1)) translocates ERK into the

nucleus to phosphorylate transcription factors that are involved in cell cycle regulation.

Furthermore, stress stimuli activates the p38 family of MAPKs namely, p38a, p38p, p38y
and p380 by phosphorylation at the TGY motif (threonine and tyrosine residues separated by
glycine in the activation loop (Figure 1)), while cytokines and environmental stressors activate
the JNK family of protein kinases namely; JNKI, JNK2 and JNK3 by phosphorylation at the
TPY motif (tyrosine and threonine residues separated by a proline residue in the activation loop
(Figure 1)) [13]. Summarily, a serine/threonine kinase domain flanked by N- and C- terminal
regions is a common feature to all MAPKs, but they differ in the length of the N- and C-
terminal, as well as additional domains that some MAPKs possess [14]. The transcripts of
streptozotocin-injected Nauphoeta cinerea may provide an effective experimental tool to
understand MAPK structure-function relationships, while offering insights into their role in

degenerative conditions like diabetes.
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Figure 1: Structure-based MAPK multiple sequence
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LIYQILRGLKYIHSADTIHRDLKPSNLAVNEDCELKIOFGLARHTOOE . . TGYATRWYRAPEL M

LIYQILRGLKYTHSADT TNROY KPSNLAVNEDCELKIDFGLARHTODE . . TGYFATRWYRAPE TVDIWSVGCIMAEL L TGRTLFPGTOHIDQLELILRLVGTPGAE

LLYQMLCGTKHLHSAGT THROEKPSNIVVKSDETLKTI PYJVTRYYRAPE MGYKENVDIWSVGCIMGEMIRGGYLFPGTOHIDQWNKITEQLGTR. . .

LLYQMLCGIKHLHSAGT INROLKPSNIVVKSDCTLKII PYJVTRYYRAPE L

LLYQMLCGIKHLHSAGT INRDEKPSNIVVKADCTLKT PYJVTRYYRAPEYILG . MGYTENVDIWSVGCIMGEMIRGGYL FPGTOHIDQWNKIIEQLGTPSPS

LLYQMLCGTRHLHSAGT THRDLKPSNIVVRSDCTLKIDFGLARTATEA, PYJVTRYYRAPE GYKENVDVWS IGCIFGEL IRGRVL FPGGDHIDQWTRITEQLGTPDRS

LLYQMLCGTKHLHAAGT IHROLKPSNIVVKSDCTLKIDFGLART TEYFVTRYYRAPE MGYQANVDVWS IGCT! RGSVLFPGTDHIDQWNKVIEQLGTPSQE

LLYQMLCGIKHLHSAGL INROFKPSNIVVKSOCT LKIDFGLARTAGT SEMTRYIVTRY YRAPEY MGYKENVDLWSVGCIMGEMVCLKILFPGRDY IDQWNKVIEQLGTPCPE

LLYQULCGIKHLHSAGI THRDLKPSNIVVKSDCTLKIUOFGLARTAGTSFMMTPYVTRYYRAPENTLG . MGYKENVDL WSVGCIMGEMVCHK I L FPGRDY IDQWNKVIEQLGTPCPE

LLYQULCGTKHLHSAGT THRDL KPSNIVVKSOCTLKIOFGLARTAGTSFMMTPYVTRYYRAPENTLG . MGYKENVDL WSVGCIMGEMVCHK T L FPGRDY IDQUNKVIEQLGTPCPE

alignment of Nauphoeta cinerea and

of sequence conservation was performed in

http://www .bioinformatics.org/strap/aa/. Strongly conserved parts of the alignment are shown

in black bold font, while less conserved areas are faded in grey font. The conserved catalytic

loop is boxed in red and the activation segment between and including the conserved tripeptide

motifs; DFG and APE is boxed in purple. The conserved phosphorylation segments at the TEY

motif for ERK2, TGY motif for P38B and TPY motif for JNK are boxed in green.
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2. Materials and Methods

2.1. Chemicals and Insect stock.

Chemicals and reagents for RT-qPCR were purchased from Sigma Aldrich (St Lois, MO,
USA), the exceptions are noted. Nymphs were housed at Departamento de Bioquimica e
Biologia Molecular, Universidade Federal de Santa Maria, Brasil at temperature of 243, a 12-
hour cycle of light and darkness, and humidity that ranged between 57% and 75%. Diet was

compounded as earlier described [5] and water was accessible ad libitum.

2.2.  Streptozotocin Treatment.

Nymphs were randomly allocated to four (4) treatment groups, including: Control; 0.8%
NaCl; 74 nmol STZ and 740 nmol STZ. Single injections were administered into the right dorsal
second thoracic segment and the nymphs were observed for 7 days, after which head segment

were excised for total RNA extraction.

2.3. lIdentification of Nauphoeta cinerea insulin signalling genes, primer design and

multiple sequence alignment.

Coding sequences of insect insulin signalling genes were downloaded from the NCBI

platform (https://www.ncbi.nlm.nih.gov/) and used to query our Nauphoeta transcriptome

[15]. Requisite Nauphoeta sequences were then used to design the primers of interest on the

Primer3input website (http://primer3.ut.ee/) and multiple sequence alignment was

performed using MEGA X as earlier described [5]. The primer sequences are shown in Table

S1.
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Table S1: Summary of Insulin signalling and normalizer primer sequences.

Olizo Primer — Seqguence Annealing % ldentity - Specie
name. 53] Temperature,
iNR F—TEEAGAGTGCGACATCTGALC &0 85.31% — Z meyodensis
R — CCAGCAGCAATTTCTCAGT 87.759% — C. sagundus
41.27% — 0. melanogaster
iLp2 F— GTEAATGACTCTGGECTTCTGE &0 26.90% — E. germanica
R — AATGATCCOGAGACAAGTEC F7.44% - 2 neyedensis
28.04% — [ melgnpgastar |
PIZK F—TTGCOOGACAGACATTCAGAC &0 37.33% — 7 geyodensis
R—AATGEGACACGETTCTCTTCG 95.33% — C secundus
47.62% — O melonogestar |
AET F— CEGATGATGCEAAAGAAATA &0 98.37% — C secyngus
R—CGTTACTTGTEECTTGAAGE S8.37% - Z pevadensis
84.32%— 0. melonosaster |
Tubulin F—TTGCOCAGTGATEAGTTGITC &0
R—AGCATGTACCAAGGGCAGTT
TEF F— GETGCGAATGETGEAGTACAG &0
R—TAGTGECTCCAGTECAAGTL
GAFDH F— CCGTETCCCTGTTCCTAATG &0
R —GTCCAAGATGCCCTTCAGAG
EFigl F— CETETCTETTAAGGAACTGEC &0
R — CAAGCAATETEAGCTETATS
GFOH F— AGTTCATCAGGACGCTCTGC &0
R — AGATCAATGCTGCCATCCTC
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2.4.  Total RNA Extraction, DNase Treatment, cDNA Synthesis and real-time g-PCR.

TRIzol™ Reagent (ThermoFisher scientific, USA) was used to isolate total RNA,
contaminating genomic DNA was removed by DNase treatment (Promega Corp, USA), RNA
quality was estimated by spectrophotometry (NanoDrop™ 2000) and agarose gel
electrophoresis, and total RNA was reverse transcribed to cDNA (GoScript™ Promega Corp,
USA), in a T100™ Thermal Cycler (BIO-RAD, China). DNA amplification was performed by
polymerase chain reaction of a 20ul volume made up of 10ul Mix and 10ul cDNA as earlier

described ().

2.5. Relative expression analysis of MAPK target genes.

Transcriptional expression of MAPK genes was calculated as earlier described [16].
Transcript sequences of streptozotocin-treated Nauphoeta cinerea () were mapped to
nucleotide sequences of the MAPK genes on the Geneious 9.1.8 platform (Biomatters, New

Zealand), computed (equation 1), and expressed as Reads Per Kilobase Million (RPKM).

No of mapped nucleotide in the sample + No of coding sequence nucleotides in the target gene

(1)
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2.6.  Statistical Analysis.

CT values for RT-qPCR data were generated with the QuantStudio™ Design and Analysis
software and evaluated using the comparative Cr method. All data were analysed on
GraphPad Prism 6, using Kruskal-Wallis test, followed by Dunn's multiple comparisons test.
Significant difference between treated and control groups was set P<0.05. Results were

expressed as Mean = SEM.

3. Results

3.1.  Nauphoeta cinerea PI3K/AKT response to STZ Treatment.

740 nmol STZ treatment significantly downregulated /LP [H=13.05, P=0.0001; Figure 2A]
mMRNA levels, but there was no significant difference in mRNA levels of the putative ligand InR
[H=4.643, P=0.0987; Figure 2B]. Moreover, both 74 and 740 nmol STZ treatment significantly
downregulated P/3K [H=15.17, P=0.0001; Figure 2C] and AKT [H=12.93, P=0.0001; Figure 2D]

MRNA levels.
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Figure 2: PI3K/AKT cascade mRNA levels in Nauphoeta cinerea nymph heads, 7 days after
single STZ injection. (n = 6). There was significant downregulation of /LP [H=13.05, P=0.0001],
but no significant difference in mRNA levels of /InR [H=4.643, P=0.0987]. PI3K [H=15.17,
P=0.0001] and AKT [H=12.93, P=0.0001] were also significantly downregulated. All values are

meanSEM. Significantly difference at p<0.05 is indicated by different letters.

3.2. Nauphoeta cinerea RAS, P38 and JNK MAPK response to STZ Treatment.

Kruskal-Wallis test followed by Dunn's multiple comparisons test showed significant
upregulation of the adapter protein GRB2 [H=7.538, P=0.0107; Figure 3A] and the guanine
exchange factor protein SOS [H=7.731, P=0.0066; Figure 3B] in the 740 nmol STZ treatment
group. 740 nmol STZ treatment further upregulated RAS [H=7.423, P=0.0132; Figure 3C], the
MAP3K; RAF [H=8.769, P=0.0012; Figure 3D], but there was no significant difference in the
transcriptional expression of the MAP2K; MEK [H=5.384, P=0.00573; Figure 3E]. Consequently,

740nmol STZ treatment significantly upregulated the MAPK; ERK [H=8.000, P=0.0048; Figure
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3F]. There was also significant up regulation of P38B [H=8.769, P=0.0012; Figure 3G] and JNK

[H=7.654, P=0.0076; Figure 3H] in the 740nmol STZ treatment group.
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Figure 3: Relative expression of RAS, P38 and JNK MAPK target genes in Nauphoeta cinerea
nymph heads, 7 days after single STZ injection. (n = 6). 740 nmol STZ injection significantly
upregulated GRB2 [H=7.538, P=0.0107], SOS [H=7.731, P=0.0066], RAS [H=7.423, P=0.0132],
RAF [H=8.769, P=0.0012] and ERK [H=8.000, P=0.0048], but there was no significant difference
in transcriptional expression of MEK [H=5.384, P=0.00573]. 740 nmol STZ injection also
significantly up regulated P38B [H=8.769, P=0.0012] and JNK [H=7.654, P=0.0076]. All values

are meanSEM. Significantly difference at p<0.05 is indicated by different letters.

3.3.  Primary and Secondary structure prediction of Nauphoeta cinerea MAPK target

genes.

The protpram server predicts GRB2 as stable with an instability index (1) of 35.80 (<50)
and a grand average of hydropathicity (GRAVY) of -0.404, which indicates good protein-water
interaction (hydrophilic). The protein contains 139 amino acids and weigh 15294.65 Daltons.

Positively charged residues arginine and lysine and negatively charged residues aspartate and
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glutamate in the sequence were found to be 18 and 20, respectively. None of the region was

located in the transmembrane, as described by the TMHMM server (Figure-1).

4. Discussion

Data in mammals and insects have delineated insulin-signalling pathways and their
downstream influence on transcription factors, gene and protein synthesis. Our focus in this
study was to understand the molecular bases of the deranged brain glucose and redox
homeostasis that we have earlier reported in STZ treated N. cinerea [5]. We built our
hypothesis around the possible involvement of the PI3K/AKT and RAS/MAPK cascades and
characterized for the first time, the insulin signalling response of Nauphoeta cinerea to the

alkylating agent; streptozotocin.

The PI3K/AKT pathway — whose major activator is insulin [18] — is crucial for normal
CNS functioning in mammals [19] and insects [20]. It is involved in neural processes like the
regulation of growth and proliferation of neural stem cells [21], as well as, nerve potentiation
[22]; which can be deranged by STZ’s toxic effect on the cascade [23] to induce neuropathy
[24], Alzheimer’s disease [25], and other degenerative conditions. ILPs 2, 3 and 5 are putative
ligands for the drosophila InR that triggers the brain PI3K/AKT pathway [26]. ILP2 is released
from paired clusters of neurosecretory cells in the pars intercerebralis (medial region) of the
insect brain [27], to act on specific neuronal targets in larva and adults [28]. The release of ILP
is controlled by glucose censors that are independent of the neurosecretory cells [29], similar

to insulin release from the mammalian beta cells of pancreas [30].
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We found reduced mRNA levels of ILP2 in head homogenates of STZ treated nymphs,
similar to reports of decreased Insulin concentrations in brain of rats after
intracerebroventricular STZ injection [31]. It is noteworthy that the knockout of /LP2 in
drosophila is linked with decreased body weight, increased Trehalose levels and increased
developmental time [32], similar to our earlier report of reduced body mass in this group of
STZ-treated cockroaches [5]. Furthermore, the mRNA levels of INR, AKT and PI3K were
significantly reduced, similar to findings in STZ-induced brain Insulin-resistance rats [33] and

D. melanogaster INR that present defective insulin signalling [34].

Conversely, cell signalling via the MAPK pathway has been linked with the progression
of degenerative diseases like Alzheimer's, diabetes and cancers both in Humans and rodent
streptozotocin-models [35,36]. Our results demonstrate that up regulated MAPK signalling is
a feature of streptozotocin induced metabolic disruptions in the cockroach head, indicating
the possible relevance of Nauphoeta cinerea in studying human degenerative diseases, and
suggesting the possibility of manipulating MAPK signalling in the cockroach brain for
therapeutic advantage. We have previously shown upregulated inflammation-like response in
streptozotocin-treated cockroaches (). Our current result of upregulated P38 and JNK MAPK
genes is in tandem with reports of the mediation of cellular response to xenobiotics via the

P38 and JNK MAPK stress activated protein kinase signalling [37].

Bioinformatics analysis of protein kinase crystal structure shows that the activation
segment of ERK/MAPK range between two conserved tripeptide motifs (DFG and APE), and a
catalytic loop comprising of a conserved aspartate residue immediately following an arginine

residue (Figure 1) has been documented to precede the activation segment of conventional
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kinases [38]. The conservation of MAPK structure-function elements that we have reported
between Nauphoeta cinerea and other eukaryotes further highlights the suitability of the

cockroach for modelling degenerative diseases.
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S. DISCUSSION

The third sustainable development goal adopted by the United Nations is summarised as
good health and wellbeing, as it seeks amongst other objectives to eradicate chronic non-
communicable diseases which have been estimated to cause about 63% of global deaths

(https://sustainabledevelopment.un.org/sdg3). Consequently, understanding the pathogenesis

of these diseases is crucial to the establishment of appropriate prevention, management and
treatment plans. Claude Bernard postulated that “The problem of science will consist precisely
in this, to seek the unitary character of physiological and pathological phenomena in the midst
of the infinite variety of their particular manifestations” [128], perfectly depicting the problems
biomedical scientists face today with modeling pathophysiological conditions for therapeutic
purposes. In spite of initial skepticism about the application of insects in biomedical studies,
Drosophila melanogaster has been harnessed in the research for specialized cancer treatment
[129,130], the screening of genes that are involved in glucose toxicity [113,131], and a host of
other molecular studies into the etiology of neurodegenerative diseases. Nauphoeta cinerea is
an established experimental organism for toxicity testing [132—135], we herein attempt to study
the brain energy metabolic changes that ensue from glucose dyshomeostasis, by exposing the

cockroach to a known alkylating agent — streptozotocin.

Our first experiment exposed N. cinerea nymphs to a single dose STZ injection (74 and 740
nmol) and monitored the cockroaches for 7 days. We found similar increase in glucose levels
in head homogenates of the cockroaches as has been reported in the brain of hyperglycemic
mammals [136,137]. Albeit, fat body glycogen levels were reduced in consonance with reports
of negative feedback effect of hyperglycemia on glycogen synthase activity [138,139]. STZ is
known to upregulate pro-apoptotic proteins and downregulate pro-survival proteins [140], this
may explain our findings of reduced survival, total body mass and triglyceride content of head
homogenates in the STZ-treated nymphs. We further found reduced AChE activity but
increased TBARs levels in head homogenates of STZ treated nymphs, hyperglycemia triggers
superoxide production which induces oxidative stress that activates nuclear factor erythroid 2-
related factor to upregulate expression of antioxidant genes [141-143]. There was significant
increase in the GST activity and GSH levels of STZ-treated nymphs, similar to data in STZ-
treated rats and alloxan-treated D. melanogaster [104,144]. In both insects and mammals, the
brain is “walled off” from circulation to prevent the toxic effect of circulatory solutes on the

brain, glucose entry into the brain is therefore dependent on the expression of glucose
130


https://sustainabledevelopment.un.org/sdg3

transporter 1 which is upregulated in the brain of STZ-treated rats [25,31,145]. We also found
increased mRNA levels of GLUT 1 in head homogenates of N. cinerea treated with STZ.

Secondly, we examined the expression of inflammatory and antioxidant genes in response
to the changes in glucose metabolism and oxidative stress that we have earlier reported in STZ-
treated cockroaches. Raised levels of reactive oxygen species have been correlated with
activation of the TNF/JNK and TOLL/NF-kB pathways in D. melanogaster tissues [146,147],
just as tissue damage triggers the JAK/STAT pathway to accomplish wound healing [148,149].
We found increased expression of target genes of the JNK, TOLL/NF-kB and JAK/STAT
pathways in head homogenates of STZ-treated N. cinerea. Antioxidant systems are essential
for protection against ROS-mediated tissues damage [150,151]. We recorded increased
expression of SOD and Catalase but no significant difference in mRNA levels PRX4 and
TRX1,2 and 5, suggesting capacity of the cockroach to handle the level of oxidative stress we
have earlier recorded only with primary antioxidants and with no need for the peroxiredoxin
system. On the other hand, GST sigma and theta were upregulated in STZ-treated nymphs, but
there was no significant difference in GST delta expression, signifying the importance of GST
sandtas N. cinerea detoxification enzymes as have been earlier recorded [133,134]. We further
highlighted the evolutionary conservation between the GST toxification system of Nauphoeta

cinerea and other insects.

Third, we used RNA sequencing transcriptomic technique to investigate brain-specific
molecular events that characterize our earlier described streptozotocin-induced glucose
metabolic changes in the lobster cockroach. 226 genes were deregulated at low dose STZ
treatment, while 278 genes were deregulated at high dose treatment. There were more up
regulated than down regulated genes at both doses of injection, as ribosomal proteins were the
most up regulated at both low and high dose streptozotocin treatment in line with reports of
increased phosphorylation of the 40S ribosomal protein S6 in rodent models of diabetes and
hyperglycemic humans [152] Finally, we used RT-qPCR and in silico methods to explore the
modulation of insulin signaling the lobster cockroach. Target genes of the phosphatidylinositol
3-kinase (PI3K)/protein kinase B (AKT) insulin signaling were down regulated while a
downstream effector of the pathway; forkhead box (FOXO) was up regulated, this is similar to
reports of brain insulin resistance in streptozotocin-treated rats [153], impaired PI3K/AKT

signaling in insulin receptor mutant rats [154], and negative feedback response of FOXO to
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PI3K/AKT signaling [155]. The ‘second arm’ of the insulin signaling pathway; RAS/MAPK
(mitogen-activated protein kinase) is associated with the progression of diabetes. Our result of
up regulated RAS/MAPK signalling, alongside increased P38 and c-Jun N-terminal kinase
(JNK) MAPK inflammation-like response mirrors the reported pathogenesis of diabetes
mellitus in humans and rodents [156,157] as bioinformatic analysis further showed
conservation of MAPK structure-function elements between Nauphoeta cinerea and other

animals.

6. CONCLUSION

Evidences from the studies presented herein suggest that streptozotocin toxicity is
conserved from insects to mammals and the mammalian B-cell cytotoxic glucose analogue may
impair glucose metabolism in insects, making Nauphoeta cinerea a potential viable organism

for studying hyperglycaemia-associated genetic and biochemical perturbations.

In a similar manner to biochemical changes in rodents, head glucose, GLUTI and TBARS
levels were raised. Interestingly, the cockroach seemed capable of detoxifying the dosage of
STZ used and attaining redox balance as enzyme and mRNA levels of antioxidants / detoxifying
molecules (GST, GSH, SOD, Catalase, GST sigma and GST theta) and inflamation-related
genes (JNK, TOLL/NF-kB and UPD3/JAK/STAT pathway genes) were increased. The
corresponding up regulation of both antioxidant and inflammation-related genes further
buttreses the proposed crosstalk between redox and inflammation signaling. Consequently fat
body glycogen content, head triglyceride, AChE and MTT reducing ability were reduced.
Indeed the RNA seq transcriptomic result of up regulated ribosomal proteins in STZ-treated
nymphs requires in depth study as the 40S ribosomal protein S6 has been implicated in the
pathogenesis of diabetes in mammals. Moreso, the conserved PI3K/AKT and ERK/MAPK

insulin-like signaling of N. cinerea is modified by streptozotocin injection.

The conservation of mammalian pancreatic beta cell function in the insulin-like peptide
producing cells of the insect brain, as well as our report of similar effect of STZ injection in N.
cinerea compared with results in mammalian models makes the cockroach a likely experimental

organism for studying hyperglycaemia-linked metabolic changes, especially in the brain.
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7. PERSPECTIVES

The availability of a full genome sequence is generally considered as a prerequisite for the
establishment of a model organism for biomedical research. Our current transcriptomic
approach gives useful insight into time and treatment-specific molecular events, but the use of
Nauphoeta cinerea in researching human diseases would benefit greatly from a full genomic
data that offers indebt knowledge of the areas of homology between the cockroach and
mammals. Furthermore, our study may benefit from data of mitochondrial analysis, as well as
electrophysiological and behavioral recordings in STZ-treated cockroaches (especially with
direct injections to the head) as it may present pathophysiological information that would be
significant to understanding human neurodegenerative diseases, thereby adding to knowledge

of the relationship between hyperglyacemia and Alzheimer’s disease.

8. References.

[1] M. Ghamari, V. Hosseininaveh, A. Darvishzadeh, N.P. Chougule, carbohydrases in the
digestive system of the spined soldier bug, podisus maculiventris (say) (hemiptera:
pentatomidae), Arch. Insect Biochem. Physiol. 85 (2014) 195-215.
https://doi.org/10.1002/arch.21153.

[2] S. Ramzi, V. Hosseininaveh, Biochemical characterization of digestive a-amylase, o-
glucosidase and B-glucosidase in pistachio green stink bug, Brachynema germari
Kolenati (Hemiptera: Pentatomidae), J. Asia. Pac. Entomol. 13 (2010) 215-219.
https://doi.org/10.1016/j.aspen.2010.03.009.

[3] James L. Nation, Insect Physiologyand Biochemistry, 2016.
https://doi.org/10.1038/267754a0.

[4] Y.Dong Wei, K. Sik Lee, Z. Zheng Gui, H. Joo Yoon, I. Kim, G. Zheng Zhang, X. Guo,
H. Dae Sohn, B. Rae Jin, Molecular cloning, expression, and enzymatic activity of a

novel endogenous cellulase from the mulberry longicorn beetle, Apriona germari, Comp.

Biochem. Physiol. - B Biochem. Mol. Biol. 145 (2006) 220-229.
133



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

https://doi.org/10.1016/j.cbpb.2006.07.007.

Y.D. Wei, K.S. Lee, Z.Z. Gui, H.J. Yoon, I. Kim, Y.H. Je, S M. Lee, G.Z. Zhang, X.
Guo, H.D. Sohn, B.R. Jin, N-linked glycosylation of a beetle (Apriona germari) cellulase
Ag-EGase Il is necessary for enzymatic activity, Insect Biochem. Mol. Biol. 36 (2006)
435-441. https://doi.org/10.1016/j.ibmb.2006.03.007.

T. Kunieda, M. Beye, H. Takeuchi, A. Kamikouchi, R. Maleszka, T. Fujiyuki, A.L. Toth,
E. Kage, S. Foret, T. Kubo, M. Morioka, G.E. Robinson, K. Ohashi, S.A. Ament, R.
Kucharski, Carbohydrate metabolism genes and pathways in insects: insights from the
honey bee genome, Insect Mol. Biol. 15 (2006) 563—576. https://doi.org/10.1111/1.1365-
2583.2006.00677 .

A. Becker, P. Schloder, J.E. Steele, G. Wegener, The regulation of trehalose metabolism
in insects, Experientia. 52 (1996) 433—439. https://doi.org/10.1007/BF01919312.

G.R. Wyatt, G.F. Kale, The chemistry of insect hemolymph. II. Trehalose and other
carbohydrates., J. Gen. Physiol. 40 (1957) 833-847.
https://doi.org/10.1085/jgp.40.6.833.

S.. Thompson, Trehalose-The Insect ‘Blood” sugar, in: S.. Simpson (Ed.), Adv. In Insect
Phys., Elsevier Academic Press, 2003: pp. 206-261. https://doi.org/10.1016/S0065-
2806(03)31004-5.

R. Gruetter, Glycogen: The forgotten cerebral energy store, J. Neurosci. Res. 74 (2003)
179-183. https://doi.org/10.1002/jnr.10785.

S.J. Hindle, R.J. Bainton, Barrier mechanisms in the Drosophila blood-brain barrier,

Front. Neurosci. 8 (2014) 1-12. https://doi.org/10.3389/thins.2014.00414.

A.A K. Patabendige, D.E.M. Dolman, N.J. Abbott, D.J. Begley, S.R. Yusof, Structure
and function of the blood-brain barrier, Neurobiol. Dis. 37 (2009) 13-25.
https://doi.org/10.1016/j.nbd.2009.07.030.

S. Park, R.W. Alfa, S.M. Topper, G.E.S. Kim, L. Kockel, S.K. Kim, A Genetic Strategy
to Measure Circulating Drosophila Insulin Reveals Genes Regulating Insulin Production

and Secretion, PLoS Genet. 10 (2014). https://doi.org/10.1371/journal.pgen.1004555.

134



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Y.-W.C. Fridell, M. Hoh, O. Kréneisz, S. Hosier, C. Chang, D. Scantling, D.K. Mulkey,
S.L. Helfand, Increased uncoupling protein (UCP) activity in Drosophila insulin-

producing neurons attenuates insulin signaling and extends lifespan, Aging (Albany.

NY). 1 (2009) 699-713. https://doi.org/10.18632/aging.100067.

O. Kréneisz, X. Chen, Y.W.C. Fridell, D.K. Mulkey, Glucose increases activity and
Ca2+ in insulin-producing cells of adult Drosophila, Neuroreport. 21 (2010) 1116-1120.
https://doi.org/10.1097/WNR.0b013e3283409200.

H.G. Joost, B. Thorens, The extended GLUT-family of sugar/polyol transport
facilitators: Nomenclature, sequence characteristics, and potential function of its novel
members, Mol. Membr. Biol. 18 (2001) 247-256.
https://doi.org/10.1080/09687680110090456.

G.A. Rutter, T.J. Pullen, D.J. Hodson, A. Martinez-Sanchez, Pancreatic B-cell identity,
glucose sensing and the control of insulin secretion, Biochem. J. 466 (2015) 203-218.
https://doi.org/10.1042/BJ20141384.

D.R. Nissel, J. Vanden Broeck, Insulin/IGF signaling in Drosophila and other insects:
Factors that regulate production, release and post-release action of the insulin-like
peptides, Cell. Mol. Life Sci. 73 (2016) 271-290. https://doi.org/10.1007/s00018-015-
2063-3.

K. Takata, T. Kasahara, M. Kasahara, O. Ezaki, H. Hirano, Erythrocyte/HEPG2-type
glucose transporter is concentrated in cells of blood-tissue barriers, Biochem. Biophys.

Res. Commun. (1990). https://doi.org/10.1016/S0006-291X(05)81022-8.

S. Obici, Z. Feng, G. Karkanias, D.G. Baskin, L. Rossetti, Decreasing hypothalamic
insulin receptors causes hyperphagia and insulin resistance in rats, Nat. Neurosci. 5

(2002) 566-572. https://doi.org/10.1038/nn0602-861.

E. Biazquez, E. VelAjzquez, V. Hurtado-Carneiro, J.M. Ruiz-Albusac, Insulin in the
Brain: Its Pathophysiological Implications for States Related with Central Insulin

Resistance, Type 2 Diabetes and Alzheimers Disease, Front. Endocrinol. (Lausanne). 5

(2014) 161. https://doi.org/10.3389/fend0.2014.00161.

A.P K. Dick, S.I. Harik, A. Klip, D.M. Walker, Identification and characterization of the
135



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

glucose transporter of the blood-brain barrier by cytochalasin B binding and
immunological reactivity, Proc. Natl. Acad. Sci. U. S. A. 81 (1984) 7233-7237.
https://doi.org/10.1073/pnas.81.22.7233.

A.P.K. Dick, S.I. Harik, Distribution of the Glucose Transporter in the Mammalian
Brain, J. Neurochem. 46 (1986) 1406-1411. https://doi.org/10.1111/5.1471-
4159.1986.tb01755 .x.

B.E. Levin, A.A. Dunn-Meynell, V.H. Routh, Brain glucose sensing and body energy
homeostasis: role in obesity and diabetes, Am. J. Physiol. Integr. Comp. Physiol. 276
(1999) R1223-R1231. https://doi.org/10.1152/ajpregu.1999.276.5.R1223.

D.-J. Kim, JJH. Yu, M.-S. Shin, Y.-W. Shin, M.-S. Kim, Hyperglycemia Reduces
Efficiency of Brain Networks in Subjects with Type 2 Diabetes, PLoS One. 11 (2016)
e0157268. https://doi.org/10.1371/journal.pone.0157268.

J. Shi, B. Dong, Y. Mao, W. Guan, J. Cao, R. Zhu, S. Wang, Review: Traumatic brain
injury and hyperglycemia, a potentially modifiable risk factor., Oncotarget. 7 (2016)
71052-71061. https://doi.org/10.18632/oncotarget.11958.

A. Weiler, A. Volkenhoff, H. Hertenstein, S. Schirmeier, Metabolite transport across the
mammalian and insect brain diffusion barriers, Neurobiol. Dis. 107 (2017) 15-31.

https://doi.org/10.1016/;.nbd.2017.02.008.

O. Peter Aadal Nielsen, R. Gunnar Andersson, R. Olga Andersson, Insect-based exvivo
model for testing blood-brain barrier penetration and method for exposing insect brain
to chemical compounds, US009097706B2, 2015.
https://patents.google.com/patent/US20150072369A1/en.

O. Peter Aadal Nielsen, R. Gunnar Andersson, Screening methods employing insects
with blood brain barrier, US009 194864B2, 2015.
https://patents.google.com/patent/US9194864B2/en.

T. Stork, D. Engelen, A. Krudewig, M. Silies, R.J. Bainton, C. Kldmbt, Organization and
function of the blood-brain barrier in Drosophila, J. Neurosci. 28 (2008) 587-597.
https://doi.org/10.1523/INEUROSCI.4367-07.2008.

136



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

F. Mayer, N. Mayer, L. Chinn, R.L. Pinsonneault, D. Kroetz, R.J. Bainton, Evolutionary
conservation of vertebrate blood-brain barrier chemoprotective mechanisms in
drosophila, J. Neurosci. 29 (2009) 3538-3550. https://doi.org/10.1523/jneurosci.5564-
08.2009.

T. Schwabe, R.J. Bainton, R.D. Fetter, U. Heberlein, U. Gaul, GPCR signaling is
required for blood-brain barrier formation in Drosophila, Cell. 123 (2005) 133—-144.
https://doi.org/10.1016/j.cell.2005.08.037.

M.K. DeSalvo, S.J. Hindle, Z.M. Rusan, S. Orng, M. Eddison, K. Halliwill, R.J. Bainton,
The Drosophila surface glia transcriptome: Evolutionary conserved blood-brain barrier

processes, Front. Neurosci. 8 (2014). https://doi.org/10.3389/thins.2014.00346.

J. Havrankova, D. Schmechel, J. Roth, M. Brownstein, Identification of insulin in rat
brain.,, Proc. Natl. Acad. Sci. U. S. A. 75 (1978) 5737-41.
https://doi.org/10.1073/pnas.75.11.5737.

H. Nagasawa, H. Kataoka, A. Isogai, S. Tamura, A. Suzuki, H. Ishizaki, A. Mizoguchi,
Y. Fujiwara, A. Suzuki, Amino-terminal amino Acid sequence of the silkworm
prothoracicotropic hormone: homology with insulin., Science. 226 (1984) 1344-5.
https://doi.org/10.1126/science.226.4680.1344.

N. Okamoto, Insect Insulin-Like Peptides, Handb. Horm. (2016) 368-370.
https://doi.org/10.1016/B978-0-12-801028-0.00207-5.

E.J. Rulifson, S.K. Kim, R. Nusse, Ablation of insulin-producing neurons in flies: growth
and diabetic phenotypes., Science. 296 (2002) 1118-20.
https://doi.org/10.1126/science.1070058.

T. Ikeya, M. Galic, P. Belawat, K. Nairz, E. Hafen, Nutrient-Dependent Expression of
Insulin-like Peptides from Neuroendocrine Cells in the CNS Contributes to Growth
Regulation in Drosophila, Curr. Biol. 12 (2002) 1293-1300.
https://doi.org/10.1016/S0960-9822(02)01043-6.

A.B. Nuss, M.R. Brown, Isolation of an insulin-like peptide from the Asian malaria
mosquito, Anopheles stephensi, that acts as a steroidogenic gonadotropin across diverse

mosquito  taxa, Gen.  Comp.  Endocrinol. 258  (2018) 140-148.
137



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

https://doi.org/10.1016/J.YGCEN.2017.05.007.

D.W. Clarke, L. Mudd, F.T. Boyd, M. Fields, M.K. Raizada, Insulin Is Released from
Rat Brain Neuronal Cells in Culture, J. Neurochem. 47 (1986) 831-836.
https://doi.org/10.1111/j.1471-4159.1986.tb00686.x.

L. Wei, H. Matsumoto, D.E. Rhoads, Release of Immunoreactive Insulin from Rat Brain
Synaptosomes Under Depolarizing Conditions, J. Neurochem. 54 (1990) 1661-1662.
https://doi.org/10.1111/j.1471-4159.1990.tb01219.x.

W.S. Young, Periventricular hypothalamic cells in the rat brain contain insulin mRNA,

Neuropeptides. 8 (1986) 93-97. https://doi.org/10.1016/0143-4179(86)90035-1.

R. Schechter, L. Holtzclaw, F. Sadiq, A. Kahn, S. Devaskar, Insulin Synthesis by Isolated
Rabbit Neurons, Endocrinology. 123 (1988) 505-513. https://doi.org/10.1210/endo-123-
1-505.

S.U. Devaskarss, S.J. Giddingsn, P.A. Rajakumars, L.R. Carnaghin, R.K. Menonll, D.S.
Zahm, Insulin Gene Expression and Insulin Synthesis in Mammalian’ Neuronal Cells,

1994. http://www.jbc.org/content/269/11/8445. .full.pdf (accessed July 20, 2019).

W.A. Banks, J.B. Jaspan, A.J. Kastin, Effect of Diabetes Mellitus on the Permeability of
the Blood—Brain Barrier to Insulin, Peptides. 18 (1997) 1577-1584.
https://doi.org/10.1016/S0196-9781(97)00238-6.

B.J. Wallum, G.J. Taborsky, D. Porte, D.P. Figlewicz, L. Jacobson, J.C. Beard, W.K.
Ward, D. Dorsa, Cerebrospinal Fluid Insulin Levels Increase During Intravenous Insulin
Infusions in Man*, J. Clin. Endocrinol. Metab. 64 (1987) 190-194.
https://doi.org/10.1210/jcem-64-1-190.

T. Yamada, O. Habara, H. Kubo, T. Nishimura, Correction: Fat body glycogen serves
as a metabolic safeguard for the maintenance of sugar levels in Drosophila
(doi:10.1242/dev.158865) , Development. 145 (2018) dev165910.
https://doi.org/10.1242/dev.165910.

S.M. Gray, R.I. Meijer, E.J. Barrett, Insulin regulates brain function, but how does it get
there?, Diabetes. 63 (2014) 3992-7. https://doi.org/10.2337/db14-0340.

138



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

S. Gronke, D.F. Clarke, S. Broughton, T.D. Andrews, L. Partridge, Molecular evolution
and functional characterization of Drosophila insulin-like peptides, PLoS Genet. 6

(2010). https://doi.org/10.1371/journal.pgen.1000857.

I. Yoshida, K. Moto, S. Sakurai, M. Iwami, A novel member of the bombyxin gene
family: structure and expression of bombyxin G1 gene, an insulin-related peptide gene
of the silkmoth Bombyx mori, Dev. Genes Evol. 208 (1998) 407-410.
https://doi.org/10.1007/s004270050197.

E. Swiderska, J. Strycharz, A. Wroblewski, J. Szemraj, J. Drzewoski, A. Sliwinska, Role
of PI3K/AKT Pathway in Insulin-Mediated Glucose Uptake, in: Glucose Transp.
[Working Title], IntechOpen, 2018. https://doi.org/10.5772/intechopen.80402.

C. Kenyon, J. Chang, E. Gensch, A. Rudner, R. Tabtiang, A C. elegans mutant that lives
twice as long as wild type, Nature. 366 (1993) 461-464.
https://doi.org/10.1038/366461a0.

L. Fontana, L. Partridge, V.D. Longo, Extending healthy life span--from yeast to
humans., Science. 328 (2010) 321-6. https://doi.org/10.1126/science.1172539.

D.J. Clancy, D. Gems, L.G. Harshman, S. Oldham, H. Stocker, E. Hafen, S.J. Leevers,
L. Partridge, Extension of life-span by loss of CHICO, a Drosophila insulin receptor
substrate protein., Science. 292 (2001) 104—6. https://doi.org/10.1126/science.1057991.

C. Kenyon, The Plasticity of Aging: Insights from Long-Lived Mutants, Cell. 120 (2005)
449-460. https://doi.org/10.1016/J.CELL.2005.02.002.

L.P. van der Heide, M.F.M. Hoekman, M.P. Smidt, The ins and outs of FoxO shuttling:
mechanisms of FoxO translocation and transcriptional regulation, Biochem. J. 380

(2004) 297-309. https://doi.org/10.1042/BJ20040167.

X. Huang, G. Liu, J. Guo, Z. Su, The PI3K/AKT pathway in obesity and type 2 diabetes.,
Int. J. Biol. Sci. 14 (2018) 1483—1496. https://doi.org/10.7150/ijbs.27173.

Y. Antonova, A.J. Arik, W. Moore, M.A. Riehle, M.R. Brown, Insulin-like Peptides:
Structure, Signaling, and Function, Elsevier, 2012. https://doi.org/10.1016/B978-0-12-
384749-2.10002-0.

139



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Bernard C., Lecons de Physiologie Experimentale Applique a la Medicine Faites au
College de France. Paris, Baillére et fils, 1855.
https://books.google.com.br/books?hl=en&lr=&1d=8rzKCqq24woC&oi=fnd&pg=PR5
&ots=5L1GjeiPH&sig=SZ1Vzqlq29irHrc2r0eB7Emyxk&redir esc=y#v=onepage&q&f
=false (accessed July 22, 2019).

R.. Schulingkamp, T.. Pagano, D. Hung, R.. Raffa, Insulin receptors and insulin action
in the brain: review and clinical implications, Neurosci. Biobehav. Rev. 24 (2000) 855—

872. https://doi.org/10.1016/S0149-7634(00)00040-3.

N. Marty, M. Dallaporta, B. Thorens, Brain Glucose Sensing, Counterregulation, and
Energy Homeostasis, Physiology. 22 (2007) 241-251.
https://doi.org/10.1152/physiol.00010.2007.

A.I. Duarte, M.S. Santos, R. Sei¢a, C.R. de Oliveira, Insulin affects synaptosomal GABA
and glutamate transport under oxidative stress conditions, Brain Res. 977 (2003) 23-30.
https://doi.org/10.1016/S0006-8993(03)02679-9.

A.L. Duarte, T. Proenca, C.R. Oliveira, M.S. Santos, A.C. Rego, Insulin restores

metabolic function in cultured cortical neurons subjected to oxidative stress., Diabetes.

55 (2006) 2863-70. https://doi.org/10.2337/db06-0030.

A.A M. Rensink, I. Otte-Holler, R. de Boer, R.R. Bosch, H.J. ten Donkelaar, R M.W. de
Waal, M.M. Verbeek, B. Kremer, Insulin inhibits amyloid B-induced cell death in
cultured human brain pericytes, Neurobiol. Aging. 25 (2004) 93-103.
https://doi.org/10.1016/S0197-4580(03)00039-3.

R. Ghasemi, A. Haeri, L. Dargahi, Z. Mohamed, A. Ahmadiani, Insulin in the Brain:
Sources, Localization and Functions, Mol. Neurobiol. 47 (2013) 145-171.
https://doi.org/10.1007/s12035-012-8339-9.

M. Schubert, D.P. Brazil, D.J. Burks, J.A. Kushner, J. Ye, C.L. Flint, J. Farhang-Fallah,
P. Dikkes, X.M. Warot, C. Rio, G. Corfas, M.F. White, Insulin receptor substrate-2
deficiency impairs brain growth and promotes tau phosphorylation., J. Neurosci. 23

(2003) 7084-92. https://doi.org/10.1523/INEUROSCI.23-18-07084.2003.

Q.-G. Xu, X.-Q. Li, S.A. Kotecha, C. Cheng, H.S. Sun, D.W. Zochodne, Insulin as an in
140



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

vivo growth factor, Exp. Neurol. 188 (2004) 43-51.
https://doi.org/10.1016/J.EXPNEUROL.2004.03.008.

D.W. Clarke, F.T. Boyd, M.S. Kappys, M.K. Raizadatjj, The Journal Of Biological
Chemistry Insulin Binds to Specific Receptors and Stimulates Deoxyglucose Uptake in
Cultured Glial Cells from Rat Brain, 1984.
http://www.jbc.org/content/259/19/11672.full.pdf (accessed July 21, 2019).

E.M. Bingham, D. Hopkins, D. Smith, A. Pernet, W. Hallett, L. Reed, P.K. Marsden,
S.A. Amiel, The Role of Insulin in Human Brain Glucose Metabolism, Diabetes. 51

(2002) 3384-3390. https://doi.org/10.2337/DIABETES.51.12.3384.

C. Garcia-Céceres, C. Quarta, L. Varela, Y. Gao, T. Gruber, B. Legutko, M. Jastroch, P.
Johansson, J. Ninkovic, C.-X. Yi, O. Le Thuc, K. Szigeti-Buck, W. Cai, C.W. Meyer,
P.T. Pfluger, A.M. Fernandez, S. Luquet, S.C. Woods, I. Torres-Aleman, C.R. Kahn, M.
Gotz, T.L. Horvath, M.H. Tschop, Astrocytic Insulin Signaling Couples Brain Glucose
Uptake  with  Nutrient  Availability,  Cell. 166  (2016)  867-880.
https://doi.org/10.1016/J.CELL.2016.07.028.

A. Kleinridders, H.A. Ferris, W. Cai, C.R. Kahn, Insulin action in brain regulates
systemic metabolism and brain function., Diabetes. 63 (2014) 2232-43.
https://doi.org/10.2337/db14-0568.

G. Bedse, F. Di Domenico, G. Serviddio, T. Cassano, Aberrant insulin signaling in
Alzheimer’s disease: current knowledge, Front. Neurosci. 9 (2015) 204.
https://doi.org/10.3389/fhins.2015.00204.

A.D. Association, 2. Classification and diagnosis of diabetes: Standards of medical care
in diabetesd2019, Diabetes Care. 42 (2019) S13-S28. https://doi.org/10.2337/dc19-
S002.

T.J. Wilkin, The accelerator hypothesis: A review of the evidence for insulin resistance
as the basis for type i1 as well as type Il diabetes, Int. J. Obes. 33 (2009) 716-726.
https://doi.org/10.1038/ij0.2009.97.

A. King, A. Austin, Animal Models of Type 1 and Type 2 Diabetes Mellitus, in: P.M.

Conn (Ed.), Anim. Model. Study Hum. Dis., Second, Elsevier Inc., 2017: pp. 245-265.
141



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

https://www.sciencedirect.com/book/9780128094686/animal-models-for-the-study-of-

human-disease (accessed November 21, 2020).

P. Graham, L. Pick, Drosophila as a Model for Diabetes and Diseases of Insulin
Resistance, in: Curr. Top. Dev. Biol.,, Academic Press Inc., 2017: pp. 397-419.
https://doi.org/10.1016/bs.ctdb.2016.07.011.

E.J. Rulifson, S.K. Kim, R. Nusse, Ablation of insulin-producing neurons in files:
Growth and diabetic phenotypes, Science (80-. ). 296 (2002) 1118-1120.
https://doi.org/10.1126/science.1070058.

P. Pournaghi, R.-A. Sadrkhanlou, S. Hasanzadeh, A. Foroughi, An investigation on body
weights, blood glucose levels and pituitary-gonadal axis hormones in diabetic and
metformin-treated diabetic female rats., Vet. Res. Forum an Int. Q. J. 3 (2012) 79-84.
http://www.ncbi.nlm.nih.gov/pubmed/25653751 (accessed November 21, 2020).

L.P. Musselman, J.L. Fink, T.J. Baranski, Similar effects of high-fructose and high-
glucose feeding in a Drosophila model of obesity and diabetes, PLoS One. 14 (2019).
https://doi.org/10.1371/journal.pone.0217096.

J.B. Majithiya, R. Balaraman, Metformin reduces blood pressure and restores endothelial
function in aorta of streptozotocin-induced diabetic rats, Life Sci. 78 (2006) 2615-2624.
https://doi.org/10.1016/].1f5.2005.10.020.

K.L.D. De Angelis, A.R. Oliveira, P. Dall’Ago, L.R.A. Peixoto, G. Gadonski, S.
Lacchini, T.G. Fernandes, M.C. Irigoyen, Effects of exercise training on autonomic and
myocardial dysfunction in streptozotocin-diabetic rats, in: Brazilian J. Med. Biol. Res.,
Associacao  Brasileira de Divulgacao Cientifica, 2000: pp. 635-641.
https://doi.org/10.1590/S0100-879X2000000600004.

B.L. Furman, Streptozotocin-Induced Diabetic Models in Mice and Rats, Curr. Protoc.

Pharmacol. 70 (2015) 5.47.1-5.47.20. https://doi.org/10.1002/0471141755.ph0547s70.

K. Shah, S. DeSilva, T. Abbruscato, The role of glucose transporters in brain disease:
Diabetes and Alzheimer’s disease, Int. J. Mol. Sci. 13 (2012) 12629-12655.
https://doi.org/10.3390/ijms131012629.

142



[84]

[85]

[86]

[87]

[88]

[89]

[90]

O.C. Olagoke, B.A. Afolabi, J.B.T. Rocha, Streptozotocin induces brain glucose
metabolic changes and alters glucose transporter expression in the Lobster cockroach ;
Nauphoeta cinerea ( Blattodea: Blaberidae ), Mol. Cell. Biochem. (2020) 1-35.
https://doi.org/DOI: 10.1007/s11010-020-03976-4.

W. Zhang, A. Welihinda, J. Mechanic, H. Ding, L. Zhu, Y. Lu, Z. Deng, Z. Sheng, B.
Lv, Y. Chen, J.Y. Roberge, B. Seed, Y.X. Wang, EGT1442, a potent and selective
SGLT?2 inhibitor, attenuates blood glucose and HbA 1¢ levels in db/db mice and prolongs
the survival of stroke-prone rats, Pharmacol. Res. 63 (2011) 284-293.
https://doi.org/10.1016/;.phrs.2011.01.001.

H. Si, Z. Fu, P.V.A. Babu, W. Zhen, T. LeRoith, M.P. Meaney, K.A. Voelker, Z. Jia,
R.W. Grange, D. Liu, Dietary Epicatechin Promotes Survival of Obese Diabetic Mice
and  Drosophila  melanogaster, J.  Nutr. 141 (2011) 1095-1100.
https://doi.org/10.3945/jn.110.134270.

T.J. Huang, S.A. Price, L. Chilton, N.A. Calcutt, D.R. Tomlinson, A. Verkhratsky, P.
Fernyhough, Insulin prevents depolarization of the mitochondrial inner membrane in

sensory neurons of type 1 diabetic rats in the presence of sustained hyperglycemia,

Diabetes. 52 (2003) 2129-2136. https://doi.org/10.2337/diabetes.52.8.2129.

W.E. Barry, C.S. Thummel, The Drosophila HNF4 nuclear receptor promotes glucose-
stimulated insulin secretion and mitochondrial function in adults, Elife. 5 (2016).

https://doi.org/10.7554/eLife.11183.

J.R.B. Newman, A. Conesa, M. Mika, F.N. New, S. Onengut-Gumuscu, M.A. Atkinson,
S.S. Rich, L.M. Mclntyre, P. Concannon, Disease-specific biases in alternative splicing
and tissue-specific dysregulation revealed by multitissue profiling of lymphocyte gene
expression in type 1 diabetes, Genome Res. 27 (2017) 1807-1815.
https://doi.org/10.1101/gr.217984.116.

M.B. Zimering, M. Grinberg, J. Burton, K.C.H. Pang, Circulating Agonist Autoantibody
to 5-Hydroxytryptamine 2A Receptor in Lean and Diabetic Fatty Zucker Rat Strains.,
Endocrinol. Diabetes Metab. J. 4 (2020). /pmc/articles/PMC7550200/?report=abstract
(accessed November 22, 2020).

143



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

S.K. Raut, M. Khullar, The big entity of new RNA world: Long non-coding RNAs in
microvascular complications of diabetes, Front. Endocrinol. (Lausanne). 9 (2018) 1.

https://doi.org/10.3389/fendo.2018.00300.

S.P. Patel, Toward A Genome-Wide Association Study Of Diet Related Mortality In
Drosophila Melanogaster: High Sugar Diet, 2020.
https://search.proquest.com/openview/2497{867fe2d9e8d7c7b2cfd79de75b4/17cbl=18
750&diss=y&pq-origsite=gscholar (accessed November 22, 2020).

H. Ikegami, T. Maegawa, T. Ohno, F. Horio, N. Babaya, M. Takahashi, Y. Miyasaka,
M. Kobayashi, Congenic mapping and candidate gene analysis for streptozotocin-
induced diabetes susceptibility locus on mouse chromosome 11, Mamm. Genome. 29

(2018) 273-280. https://doi.org/10.1007/s00335-018-9742-y.

M. Barthez, M. Poplineau, M. Elrefaey, N. Caruso, Y. Graba, A.J. Saurin, Human
ZKSCAN3 and Drosophila M1BP are functionally homologous transcription factors in
autophagy regulation, Sci. Rep. 10 (2020) 9653. https://doi.org/10.1038/s41598-020-
66377-z.

K.J. Kramer, R.M. Jacobs, R.D. Speirs, L.H. Hendmcks, Effect of vertebrate
hypoglycemic and beta cell cytotoxic agents on insects, Biochem. Physiol. 61 (1978) 95—
97. https://pubag.nal.usda.gov/download/11675/PDF (accessed February 23, 2020).

R. Valencia, .M. Mason, R.C. Woodruft, S. Zimmering, Chemical mutagenesis testing
in Drosophila. III. Results of 48 coded compounds tested for the national toxicology

program, Environ. Mutagen. 7 (1985) 325-348. https://doi.org/10.1002/em.2860070309.

Y.H. Siddique, M.S. Ansari, Rahul, S. Jyoti, Effect of alloxan on the third instar larvae
of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9, Toxin Rev. (2018) 1-11.
https://doi.org/10.1080/15569543.2018.1472106.

R. Agrawal, E. Tyagi, R. Shukla, C. Nath, Insulin receptor signaling in rat hippocampus:
A study in STZ (ICV) induced memory deficit model, Eur. Neuropsychopharmacol. 21
(2011) 261-273. https://doi.org/10.1016/j.euroneuro.2010.11.009.

A. Knezovic, A. Loncar, J. Homolak, U. Smailovic, J. Osmanovic Barilar, L. Ganoci, N.

Bozina, P. Riederer, M. Salkovic-Petrisic, Rat brain glucose transporter-2, insulin
144



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

receptor and glial expression are acute targets of intracerebroventricular streptozotocin:
risk factors for sporadic Alzheimer’s disease?, J. Neural Transm. 124 (2017) 695-708.
https://doi.org/10.1007/s00702-017-1727-6.

W.J. Schnedl, S. Ferber, J.H. Johnson, C.B. Newgard, STZ transport and cytotoxicity.
Specific enhancement in GLUT2-expressing cells., Diabetes. 43 (1994) 1326-33.
https://doi.org/10.2337/DIAB.43.11.1326.

R.A. Bennett, A.E. Pegg, Alkylation of DNA in Rat Tissues following Administration
of Streptozotocin, 41 (1981) 2786-2791.

J.M. Berthiaume, J.G. Kurdys, D.M. Muntean, M.G. Rosca, Mitochondrial NAD +
/NADH Redox State and Diabetic Cardiomyopathy , Antioxid. Redox Signal. 30 (2017)
375-398. https://doi.org/10.1089/ars.2017.7415.

Y. He, C. Martinez-Fleites, A. Bubb, T.M. Gloster, G.J. Davies, Structural insight into
the mechanism of streptozotocin inhibition of O-GlcNAcase, Carbohydr. Res. 344
(2009) 627-631. https://doi.org/10.1016/j.carres.2008.12.007.

N.B.V. Barbosa, J.B.T. Rocha, J.C.M. Soares, D.C. Wondracek, J.F. Gongalves, M.R.C.
Schetinger, C.W. Nogueira, Dietary diphenyl diselenide reduces the STZ-induced
toxicity, Food Chem. Toxicol. 46 (2008) 186—-194.
https://doi.org/10.1016/J.FCT.2007.07.014.

S. Miwa, J. St-Pierre, L. Partridge, M.D. Brand, Superoxide and hydrogen peroxide
production by Drosophila mitochondria, Free Radic. Biol. Med. 35 (2003) 938-948.
https://doi.org/10.1016/S0891-5849(03)00464-7.

Y .H. Siddique, M.S. Ansari, Rahul, S. Jyoti, Effect of alloxan on the third instar larvae
of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9, Toxin Rev. 39 (2020) 41-51.
https://doi.org/10.1080/15569543.2018.1472106.

K.J. Kramer, R.M. Jacobs, R.D. Speirs, L.H. Hendricks, Effect of vertebrate
hypoglycemic and B-cell cytotoxic agents on insects, Comp. Biochem. Physiol. Part C
Comp. Pharmacol. 61 (1978) 95-97. https://doi.org/10.1016/0306-4492(78)90117-X.

R. Das, L.L. Dobens, Conservation of gene and tissue networks regulating insulin

145



[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

signalling in flies and vertebrates, Biochem. Soc. Trans. 43 (2015) 1057-1062.
https://doi.org/10.1042/BST20150078.

K. Kannan, Y.-W.C. Fridell, Functional implications of Drosophila insulin-like peptides
in metabolism, aging, and dietary restriction, Front. Physiol. 4 (2013) 288.
https://doi.org/10.3389/fphys.2013.00288.

K.D. Baker, C.S. Thummel, Diabetic Larvae and Obese Flies-Emerging Studies of
Metabolism in Drosophila, Cell Metab. 6 (2007) 257-266.
https://doi.org/10.1016/j.cmet.2007.09.002.

S. Huang, M.P. Czech, The GLUT4 Glucose Transporter, Cell Metab. 5 (2007) 237—
252. https://doi.org/10.1016/j.cmet.2007.03.006.

V. Parra, H.E. Verdejo, M. Iglewski, A. Del Campo, R. Troncoso, D. Jones, Y. Zhu, J.
Kuzmicic, C. Pennanen, C. Lopez-Crisosto, F. Jafia, J. Ferreira, E. Noguera, M. Chiong,
D.A. Bernlohr, A. Klip, J.A. Hill, B.A. Rothermel, E.D. Abel, A. Zorzano, S. Lavandero,
Insulin stimulates mitochondrial fusion and function in cardiomyocytes via the
AktmTOR-NFkB-Opa-1 signaling pathway, Diabetes. 63 (2014) 75-88.
https://doi.org/10.2337/db13-0340.

G. Lee, J.H. Park, Hemolymph sugar homeostasis and starvation-induced hyperactivity
affected by genetic manipulations of the adipokinetic hormone-encoding gene in
Drosophila melanogaster, Genetics. 167 (2004) 311-323.
https://doi.org/10.1534/genetics.167.1.311.

A.T. Haselton, Y.W.C. Fridell, Adult Drosophila melanogaster as a model for the study
of glucose homeostasis, Aging (Albany. NY). 2 (2010) 523-526.
https://doi.org/10.18632/aging.100185.

R. Ugrankar, E. Berglund, F. Akdemir, C. Tran, M.S. Kim, J. Noh, R. Schneider, B.
Ebert, J.M. Graff, Drosophila glucome screening identifies Cklalpha as a regulator of
mammalian glucose metabolism, Nat. Commun. 6 (2015).

https://doi.org/10.1038/ncomms8102.

S.N. Thompson, D.B. Borchardt, L.W. Wang, Dietary nutrient levels regulate protein

and carbohydrate intake, gluconeogenic/glycolytic flux and blood trehalose level in the
146



[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

insect Manduca sexta L, J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 173
(2003) 149-163. https://doi.org/10.1007/s00360-002-0322-8.

D.J. Candy, A. Becker, G. Wegener, Coordination and integration of metabolism in
insect flight, in: Comp. Biochem. Physiol. - B Biochem. Mol. Biol., Pergamon, 1997:
pp. 497-512. https://doi.org/10.1016/S0305-0491(97)00212-5.

J. Blatt, F. Roces, Haemolymph sugar levels in foraging honeybees (Apis mellifera
carnica): Dependence on metabolic rate and in vivo measurement of maximal rates of

trehalose synthesis, J. Exp. Biol. 204 (2001) 2709-2716.

S.J. Broughton, M.D.W. Piper, T. Ikeya, T.M. Bass, J. Jacobson, Y. Driege, P. Martinez,
E. Hafen, D.J. Withers, S.J. Leevers, L. Partridge, Longer lifespan, altered metabolism,
and stress resistance in Drosophila from ablation of cells making insulin-like ligands,
Proc. Natl. Acad. Sci. U. S. A 102 (2005)  3105-3110.
https://doi.org/10.1073/pnas.0405775102.

A. Haselton, E. Sharmin, J. Schrader, M. Sah, P. Poon, Y.W.C. Fridell, Partial ablation
of adult drosophila insulin-producing neurons modulates glucose homeostasis and
extends life span without insulin resistance, Cell Cycle. 9 (2010) 3135-3143.
https://doi.org/10.4161/cc.9.15.12458.

H. Zhang, J. Liu, C.R. Li, B. Momen, R.A. Kohanski, L. Pick, Deletion of Drosophila
insulin-like peptides causes growth defects and metabolic abnormalities, Proc. Natl.

Acad. Sci. U. S. A. 106 (2009) 19617-19622. https://doi.org/10.1073/pnas.0905083106.

L.P. Musselman, J.L. Fink, K. Narzinski, P.V. Ramachandran, S.S. Hathiramani, R.L.
Cagan, T.J. Baranski, A high-sugar diet produces obesity and insulin resistance in wild-
type  Drosophila, DMM Dis. Model. Mech. 4 (2011) 842-849.
https://doi.org/10.1242/dmm.007948.

M.Y. Pasco, P. Léopold, High sugar-induced insulin resistance in Drosophila relies on
the  Lipocalin  Neural Lazarillo, PLoS One. 7 (2012) e36583.
https://doi.org/10.1371/journal.pone.0036583.

L.P. Musselman, J.L. Fink, P.V. Ramachandran, B.W. Patterson, A.L. Okunade, E.

Maier, M.R. Brent, J. Turk, T.J. Baranski, Role of fat body lipogenesis in protection
147



against the effects of caloric overload in drosophila, J. Biol. Chem. 288 (2013) 8028-
8042. https://doi.org/10.1074/jbc.M112.371047.

[125] Invasive  Species and  Human  Health -  Google Books, (n.d.).
https://books.google.com.br/books?1d=2YtIDWAAQBAIJ&pg=PA70&Ilpg=PA70&dq=
SPECKLED+FEEDER+ROACHES+-
+Fact+Sheet+Nauphoeta+cinerea&source=bl&ots=HUS Wx3c1D&sig=ACfU3U28q0
¢jzbzkUzdVIQZ M41S9kWyNA&hl=en&sa=X&ved=2ahUKEwi3oduw05joAhXoGb
kGHcXVBI9YQ6AEWF30ECAKQAQ#v=onepage&q=SPECKLED FEEDER
ROACHES - Fact Sheet Nauphoeta cinerea&f=false (accessed March 13, 2020).

[126] L.S. Corley, A.J. Moore, Fitness of alternative modes of reproduction: Developmental
constraints and the evolutionary maintenance of sex, Proc. R. Soc. B Biol. Sci. 266

(1999) 471-476. https://doi.org/10.1098/rspb.1999.0661.

[127] L.S. Corley, J.R. Blankenship, A.J. Moore, P.J. Moore, Developmental constraints on
the mode of reproduction in the facultatively parthenogenetic cockroach Nauphoeta

cinerea, Evol. Dev. 1 (1999) 90-99. https://doi.org/10.1046/j.1525-142x.1999.99001 .x.

[128] W.J. Bell, L.M. Roth, C.A. Nalepa, Cockroaches ecology, behaviour, and natural
history., The Johns Hopkins University Press, 2007.
https://www.zin.ru/Animalia/Coleoptera/ ADDPAGES/Andrey Ukrainsky Library/Ref
erences_files/Bell07.pdf.

[129] Nicholas J Strausfeld, Atlas of an Insect Brain, Springer Berlin Heidelberg, 1976.
https://doi.org/10.1007/978-3-642-66179-2.

[130] C. Bernard, An introduction to the study of experimental medicine. - PsycNET, (1927).
https://psycnet.apa.org/record/1928-01714-000 (accessed June 12, 2020).

[131] T.K. Das, R.L. Cagan, A Drosophila approach to thyroid cancer therapeutics, Drug
Discov. Today Technol. 10 (2013) e65—71.
https://doi.org/10.1016/j.ddtec.2012.09.004.

[132] V.A. Rudrapatna, R.L. Cagan, T.K. Das, Drosophila cancer models, Dev. Dyn. 241
(2012) 107-118. https://doi.org/10.1002/dvdy.22771.

148



[133]

[134]

[135]

[136]

[137]

[138]

[139]

J. Pendse, P. V. Ramachandran, J. Na, N. Narisu, J.L. Fink, R.L. Cagan, F.S. Collins,
T.J. Baranski, A Drosophila functional evaluation of candidates from human genome-
wide association studies of type 2 diabetes and related metabolic traits identifies tissue-
specific roles for dHHEX, BMC Genomics. 14 (2013). https://doi.org/10.1186/1471-
2164-14-136.

B.A. Afolabi, O.C. Olagoke, D.O. Souza, M. Aschner, J.B.T. Rocha, A.L.A. Segatto,
Modified expression of antioxidant genes in lobster cockroach, Nauphoeta cinerea

exposed to methylmercury and monosodium glutamate, Chem. Biol. Interact. 318

(2020). https://doi.org/10.1016/j.cbi.2020.108969.

B.C. Piccoli, J.C. Alvim, F.D. da Silva, P.A. Nogara, O.C. Olagoke, M. Aschner, C.S.
Oliveira, J.B.T. Rocha, High level of methylmercury exposure causes persisted toxicity
in Nauphoeta cinerea, Environ. Sci. Pollut. Res. (2019). https://doi.org/10.1007/s11356-
019-06989-9.

B.A. Afolabi, O.C. Olagoke, High concentration of MSG alters antioxidant defence
system in lobster cockroach Nauphoeta cinerea (Blattodea: Blaberidae), BMC Res.
Notes. 13 (2020) 217. https://doi.org/10.1186/s13104-020-05056-8.

N.R. Rodrigues, M.E.M. Nunes, D.G.C. Silva, A.P.P. Zemolin, D.F. Meinerz, L.C. Cruz,
A.B. Pereira, J.B.T. Rocha, T. Posser, J.L. Franco, Is the lobster cockroach Nauphoeta
cinerea a valuable model for evaluating mercury induced oxidative stress?,
Chemosphere. 92 (2013) 1177-1182.
https://doi.org/10.1016/J.CHEMOSPHERE.2013.01.084.

R. Jacob, X. Fan, M. Evans, ... J.D., Brain glucose levels are elevated in chronically
hyperglycemic diabetic rats: no evidence for protective adaptation by the blood brain
barrier, Metab. ... (2002). https://www.metabolismjournal.com/article/S0026-
0495(02)00153-1/abstract (accessed March 29, 2019).

J.J. Hwang, L. Jiang, M. Hamza, E.S. Rangel, F. Dai, R. Belfort-Deaguiar, L. Parikh,
B.B. Koo, D.L. Rothman, G. Mason, R.S. Sherwin, Blunted rise in brain glucose levels
during  hyperglycemia in adults with obesity and T2DM, (2017).
https://doi.org/10.1172/jci.insight.95913.

149



[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

G. Parker, R. Taylor, D. Jones, D. McClain, Hyperglycemia and inhibition of glycogen
synthase in streptozotocin-treated mice: Role of O-linked N-acetylglucosamine, J. Biol.

Chem. 279 (2004) 20636—-20642. https://doi.org/10.1074/jbc.M312139200.

F.M. Ashcroft, M. Rohm, A. Clark, M.F. Brereton, Is Type 2 Diabetes a Glycogen
Storage Disease of Pancreatic [ Cells?, Cell Metab. 26 (2017) 17-23.
https://doi.org/10.1016/j.cmet.2017.05.014.

A. Moore, A. Shindikar, I. Fomison-Nurse, F. Riu, P.E. Munasinghe, T. Parshu Ram, P.
Saxena, S. Coffey, R.W. Bunton, L.F. Galvin, M.J. Williams, C. Emanueli, P. Madeddu,
R. Katare, Rapid onset of cardiomyopathy in STZ-induced female diabetic mice involves
the downregulation of pro-survival Pim-1, Cardiovasc. Diabetol. 13 (2014) 68.
https://doi.org/10.1186/1475-2840-13-68.

A.W. Stitt, Y.M. Li, T.A. Gardiner, R. Bucala, D.B. Archer, H. Vlassara, Advanced
glycation end products (AGEs) co-localize with AGE receptors in the retinal vasculature
of diabetic and of AGE-infused rats., Am. J. Pathol. 150 (1997) 523-31.
http://www.ncbi.nlm.nih.gov/pubmed/9033268 (accessed May 11, 2019).

A. Loboda, M. Damulewicz, E. Pyza, A. Jozkowicz, J. Dulak, Role of Nrf2/HO-1 system
in development, oxidative stress response and diseases: an evolutionarily conserved

mechanism, Cell. Mol. Life Sci. (2016). https://doi.org/10.1007/s00018-016-2223-0.

A. Pitoniak, D. Bohmann, Mechanisms and functions of Nrf2 signaling in Drosophila,

Free Radic. Biol. Med. (2015). https://doi.org/10.1016/j.freeradbiomed.2015.06.020.

D.H.F. Mak, S.P. Ip, P.C. Li, M.K.T. Poon, K.M. Ko, Alterations in tissue glutathione
antioxidant system in streptozotocin-induced diabetic rats, Mol. Cell. Biochem. (1996).

https://doi.org/10.1007/BF00227543.

K. Shah, S. DeSilva, T. Abbruscato, The role of glucose transporters in brain disease:
Diabetes and Alzheimer’s disease, Int. J. Mol. Sci. 13 (2012) 12629-12655.
https://doi.org/10.3390/ijms131012629.

J.A. Sanchez, D. Mesquita, M.C. Ingaramo, F. Ariel, M. Milan, A. Dekanty,
Eiger/TNFo-mediated Dilp8 and ROS production coordinate intra-organ growth in

drosophila, PLoS Genet. 15 (2019) e1008133.
150



[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

https://doi.org/10.1371/journal.pgen.1008133.

I. Louradour, A. Sharma, I. Morin-Poulard, M. Letourneau, A. Vincent, M. Crozatier, N.
Vanzo, Reactive oxygen species-dependent Toll/NF-«kB activation in the drosophila
hematopoietic niche confers resistance to wasp parasitism, Elife. 6 (2017).

https://doi.org/10.7554/eLife.25496.

R.P. Sorrentino, J.P. Melk, S. Govind, Genetic Analysis of Contributions of Dorsal
Group and JAK-Stat92E Pathway Genes to Larval Hemocyte Concentration and the Egg
Encapsulation Response in Drosophila, Genetics. 166 (2004) 1343-1356.
https://doi.org/10.1534/genetics.166.3.1343.

V.M. Wright, K.L. Vogt, E. Smythe, M.P. Zeidler, Differential activities of the
Drosophila JAK/STAT pathway ligands Upd, Upd2 and Upd3, Cell. Signal. 23 (2011)
920-927. https://doi.org/10.1016/j.cellsig.2011.01.020.

C.J. Champion, J. Xu, The impact of metagenomic interplay on the mosquito redox
homeostasis, Free Radic. Biol. Med. 105 (2017) 79-85.
https://doi.org/10.1016/j.freeradbiomed.2016.11.031.

K.J. Dietz, Redox signal integration: From stimulus to networks and genes, Physiol.

Plant. 133 (2008) 459-468. https://doi.org/10.1111/.1399-3054.2008.01120.x.

H. Lu, Y. Yang, E.M. Allister, N. Wijesekara, M.B. Wheeler, The identification of
potential factors associated with the development of type 2 diabetes: A quantitative
proteomics  approach, Mol. Cell. Proteomics. 7 (2008) 1434-1451.
https://doi.org/10.1074/mcp.M700478-MCP200.

N. Lester-Coll, E.J. Rivera, S.J. Soscia, K. Doiron, J.R. Wands, S.M. De La Monte,
Intracerebral streptozotocin model of type 3 diabetes: Relevance to sporadic Alzheimer’s

disease, J. Alzheimer’s Dis. 9 (2006) 13-33. https://doi.org/10.3233/JAD-2006-9102.

M. Tatar, A. Kopelman, D. Epstein, M.P. Tu, C.M. Yin, R.S. Garofalo, A mutant
Drosophila insulin receptor homolog that extends life-span and impairs neuroendocrine

function, Science (80-. ). 292 (2001) 107-110. https://doi.org/10.1126/science.1057987.

O. Puig, M.T. Marr, M.L. Ruhf, R. Tjian, Control of cell number by Drosophila FOXO:

151



Downstream and feedback regulation of the insulin receptor pathway, Genes Dev. 17

(2003) 2006-2020. https://doi.org/10.1101/gad.1098703.

[158] L. Adhikary, F. Chow, D.J. Nikolic-Paterson, C. Stambe, J. Dowling, R.C. Atkins, G.H.
Tesch, Abnormal p38 mitogen-activated protein kinase signalling in human and
experimental diabetic nephropathy, Diabetologia. 47 (2004) 1210-1222.
https://doi.org/10.1007/s00125-004-1437-0.

[159] J.L. Rains, S.K. Jain, Oxidative stress, insulin signaling, and diabetes, Free Radic. Biol.

Med. 50 (2011) 567-575. https://doi.org/10.1016/j.freeradbiomed.2010.12.006.

152



	CD2 Tese Intro
	CD2 Tese

