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RESUMO 
 

 
Modelagem do fenótipo de diabetes em Nauphoeta cinerea usando estreptozotocina: 

Foco no metabolismo da glicose no cérebro. 
 

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

O cérebro é altamente dependente do catabolismo de glicose adequado, mas as mudanças no transporte de glicose 
no cérebro são bem documentadas em condições hiperglicêmicas. Evidências recentes de "memória 
hiperglicêmica" sugerem ainda que a exposição crônica à hiperglicemia pode predispor a alterações deletérias, 
mesmo depois que os níveis glicêmicos normais são restaurados. Portanto, é importante não apenas tentar manter 
os níveis de glicose circulante dentro da faixa normal, mas também evitar as complicações duradouras causadas 
pela hiperglicemia crônica. No final do século 20, modelos de insetos (como Drosophila melanogaster) 
começaram a ser considerados ferramentas importantes no estudo de patologias humanas relacionadas à insulina. 
Baratas já se mostraram eficazes experimentais organismos para a pesquisa neurobiológica, portanto, aqui 
exploramos o metabolismo da energia do cérebro usando um conhecido agente alquilante - estreptozotocina - em 
Nauphoeta cinerea. Primeiro, elucidamos as alterações bioquímicas e moleculares resultantes da exposição aguda 
de baratas à estreptozotocina (1 dose de 74 nmol ou 740 nmol por g de massa corporal). A estreptozotocina causou 
um aumento na glicose, níveis de mRNA do transportador de glicose 1, substâncias reativas ao ácido tiobarbitúrico, 
atividade da glutationa S-transferase total e níveis de glutationa em homogêneos de cabeça. O glicogênio do corpo 
adiposo, o conteúdo de triglicerídeos na cabeça e a redução de MTT na cabeça foram diminuídos. Nossos 
resultados mostraram alterações induzidas por estreptozotocina no metabolismo da glicose em N. cinerea, e 
destacamos a conservação 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 expressão 
de genes relacionados à resposta inflamatória. Encontramos um aumento nos níveis 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-κB); unpaired 3 (UPD 3) e supressor de sinalização de citocina em 36E Socs36E (ativador e gene alvo 
da via UPD3 / JAK / STAT); superóxido dismutase e catalase (antioxidantes primários) e GST sigma. Não houve 
diferença significativa na expressão de fator 1 relacionado a PDGF e VEGF (PVF1), peroxirredoxina (PRX), 
tioredoxina (TRX) e GST delta. Essas mudanças na sinalização relacionada à inflamação e na atividade das 
enzimas antioxidantes são semelhantes às mudanças observadas em roedores e humanos com hiperglicemia. 
Terceiro, mostramos modificações transcricionais que são semelhantes aos resultados de estudos de associação do 
genoma em mamíferos e moscas, especialmente a regulação positiva da 40S proteína ribossômica S6 e suas 
moléculas de sinalização. O tratamento de STZ com dose baixa desregulou mais genes do que o tratamento com 
dose alta, e houve uma taxa maior de regulação positiva do que regulação negativa. Também identificamos a via 
de sinalização de insulina putativa de N. cinerea e observamos uma diminuição na transcrição de componentes do 
Via PI3K / AKT, mas os genes alvo da cascata RAS, P38 e JNK MAPK foram regulados para cima. Os elementos 
estrutura-função 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 alterações metabólicas causadas pelo 
aumento dos níveis de glicose no cérebro. 
 
Palavras-chave: GLUT1; Sinalização de insulina; Caminho JNK; Caminho TOLL/NF-kB; Caminho 
UPD3/JAK/STAT; antioxidantes; proteínas ribossômicas; RNA-seq; Análise de transcriptoma. 
 
 
 
 

 

  



ABSTRACT 

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

  
Author: Olawande Chinedu Olagoke 

Supervisor: João 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); TOLL1 (target gene of the Toll/NF-κB 
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: GLUT1; 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 α-amylase which is secreted by the salivary 

glands and mid-gut epithelium. α-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 (α-D-glucopyranosyl-α-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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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 KATP channel activator – whose 

depolarization causes calcium (Ca2+) 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 β 

cells of mammalian pancreatic islets [14,15], which causes glycolysis and mitochondrial ATP 

release that activates KATP channels to depolarize the β cell membrane and initiate calcium 

(Ca2+) entry and insulin release [16]. While glucose entry into peripheral tissues is largely 

dependent on ILP, 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 17th 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]. 

Figure 1: Trehalose and glycogen synthesis in insect fact body. 

Tps1: Trehalose phosphate synthase, Gp: Glycogen phosphorylase, 
Gs: Glycogen synthase, Tpp: Trehalose phosphate phosphate. 
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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 ILP (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 ILPs 

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 

IPC 
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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 β-cell destruction); Type 2 (insulin resistance 

leading to destruction of β-cells); Gestational DM (diagnosed in the 2nd or 3rd 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]. 



16 
 

 
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 (ILPs) 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 
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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 ILPs (dILP 1-5) were removed by 

genomic deletion [101] and further experiments confirmed that dILP 2,3 and 5 are involved in 

regulating sugars in circulation [47] suggesting that IPCs are homologous to mammalian β 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-AKT 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 (Invasive 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 II]. 

 To evaluate the transcriptional profile of streptozotocin-treated N. cinerea nymphs. 

[Study III] 

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

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

IV]. 
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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 

 

 

https://doi.org/10.1007/s11010-020-03976-4
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5.2. Article 2: Streptozotocin activates inflammation-associated signalling and antioxidant 

response in the lobster cockroach; Nauphoeta cinerea. 

https://doi.org/10.1016/j.cbi.2021.109563.  

 

  

https://doi.org/10.1016/j.cbi.2021.109563
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Graphical abstract. 

 

 
 

Highlights 

• Streptozotocin activates primary antioxidants genes of Nauphoeta cinerea. 

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

cinerea. 

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

to mammals. 

• 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-qPCR 

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 GST family 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   2O2
- to yield hydrogen peroxide (H2O2) and oxygen (O2) 

[13]. Catalase (CAT) and peroxidase (PRX) then eliminates H2O2 by forming water (2H2O) and 

oxygen (O2) [14], but PRX’s depend on glutathione (GSH) and reduced thioredoxin (TRX) to 

reduce H2O2 [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 

(GST t) 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+ + TrxS2                    NADP+ + Trx(SH)2  (2) 

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. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

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; TrizolTM reagent and platinum taq 

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

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 

Bioquímica e Biologia Molecular, Universidade Federal de Santa Maria, Brasil. The insects 

were housed in 21.5cm x 21.5cm x 8.2cm; 2.5L translucent boxes in an observation room with 

a 12 hour dark-light cycle, average temperature of 24oC (minimum/maximum variation of about 

3oC), 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 µl of 74 nmol STZ injection had a concentration of 3.7 mM, while 20 µl 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 TrizolTM reagent, in six biological 

replicates per group and stored at -70oC 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 TrizolTM 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 NanoDropTM 2000 at 260/280nm) and agarose gel electrophoresis. Reverse transcription 

of 1µg Total RNA was performed using GoScriptTM protocol (Promega Corp, USA) with a 

T100TM 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 µl; 10 ng of cDNA and the reaction mix comprising of 0.2 µM of each primer 

(forward and reverse), 1 X buffer, 0.2 mM dNTP,2 mM MgCl2, 0.1 X SYBR green and 0.25 U 

of Platinum Taq DNA Polymerase (Invitrogen ®), made up with ultra-pure deionized water. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://primer3.ut.ee/
https://www.idtdna.com/pages/tools/oligoanalyzer
https://ngphylogeny.fr/
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The cycling procedure used was: 94 oC for 5 min; 40 cycles of 94 oC for 15 s, 60 oC for 10 s 

and 72 oC for 30 s; and 1 cycle of 94 oC for 10 s, 55 oC for 60 s and 94 oC 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 QuantStudioTM 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 (TBP), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), eukaryotic translation elongation factor 

1 alpha 1 (EF1A1), glycerol-3-phosphate dehydrogenase (GPDH) and Tubulin, the most stable 

normalizer gene was GAPDH. Primer details are shown in Table 1. 
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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-ΔΔCT - 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 JNK 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 EGR1 [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 PVF1 [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: TOLL1 [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 PVF1 [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 

SCOS36E [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. 

 

 

  



47 
 

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 

TRX5) were measured and we found no significant difference in the mRNA levels of the 

TRX’s 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; O35543), Mouse (Mus 

musculus; Q9JHF7), Cockroach (Blattella germanica; O18598), Mosquito (Anopheles 

https://www.rcsb.org/
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gambiae; P46428), Worm (Caenorhabditis elegans; O16115), Human (Homo sapiens; 

O60760), 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 TNF-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, spätzle is the known Drosophila Toll receptor activator. 

The pro-protein (spätzle) 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 TOLL1 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. GSTs 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 t are important detoxifying 

enzymes in N. cinerea.  
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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 24oC with minimum and maximum variation of about 3oC; 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 µl 0.8% NaCl injection / nymph], and two 

groups of streptozotocin treatment [20 µl 74 nmol STZ injection / nymph and 20 µl 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 Illumina sequencing. 

Nymphs were anesthetized on ice and their heads were excised for total RNA 

extraction with the TrizolTM (ThermoFisher scientific, USA) protocol. The quality of extracted 

RNA was measured by spectrophotometry (ThermoFisher scientific NanoDropTM 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 QubitTM RNA assay kit protocol). 

Ten µg total RNA was purified with the ThermoFisher scientific DynabeadsTM mRNA 

purification kit protocol.  

Purified RNA was used to prepare the requisite library using ThermoFisher scientific 

Ion Total RNA-Seq Kit v2. Library pools were quantified using Invitrogen QubitTM dsDNA HS 

Assay Kit. The quality of pools was checked using Life Technologies Ion SphereTM Quality 

Control Kit. Template preparation and sequencing was done using Thermo Fisher Scientific Ion 

540TM Kit - OT2. The sequencing was performed on the Ion S5TM 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/fastqc/ 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 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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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 Ex90N50 statistic and Ex90 transcript count (Grabherr et al., 

2011), and assessed the transcriptome completeness by benchmarking universal single-copy 

orthologs (BUSCO) (Simão 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. Identification of Nauphoeta cinerea genes and primer design. 

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

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

transcriptome (Segatto, Diesel, Loreto, da Rocha, et al., 2018) as we have earlier described 

https://usegalaxy.eu/
https://usegalaxy.org/
https://www.ncbi.nlm.nih.gov/
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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-qPCR 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; EF1a1 sense 

CGTGTCTGTTAAGGAACTGC, antisense CAAGCAATGTGAGCTGTATG; Tubulin sense 

TTGCCAGTGATGAGTTGCTC, antisense TAGTGGCTCCAGTGCAAGTC; FoxO sense 

TCATTCACGGCACTCACCTA, antisense GGTGCTGAGTCACAAGTCCA.  

 

2.8. Validation of differentially expressed genes by reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) 

The TrizolTM reagent protocol was used to extract total RNA from cockroach heads. 

Sample purity was ascertained by DNase treatment (InvitrogenTM protocol), 

spectrophotometry (NanoDropTM 2000 at 260/280nm) and agarose gel electrophoresis. 

Complementary DNA was synthesized from 1 μg total RNA (InvitrogenTM protocol), using the 

T100TM 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 10μl 

reaction mix comprising [0.2μM of each primer, 1X buffer, 0.2mM dNTP, 2mM MgCl2, 0.1X 

SYBR green, 0.25U Platinum Taq DNA Polymerase and ultra-pure deionized water]. The PCR 

cycling involved: 94oC for 5min; 40 cycles of 94oC for 15 s, 60oC for 10 s and 72oC for 30 s; 

and 1 cycle of 94oC for 10 s, 55oC for 1min and 94oC for 15 s. Primer efficacy was ascertained 

using pools from all samples as has been previously described (Olagoke et al., 2020). 

https://primer3.ut.ee/
https://www.idtdna.com/pages/tools/oligoanalyzer
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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: 

 

 

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 QuantStudioTM design and analysis software, 

evaluated with the comparative CT 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 Tukeyˊs post hoc test on GraphPad Prism 6. Reads Per Kilobase 

No of mapped nucleotide in the sample ÷ No of coding sequence nucleotides in the target gene  
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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 Ex90N50 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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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/ 

  

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. 

 

 

  



 
 
 
 
 

86 
 

 

 

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. 
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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). 
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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]. 
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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 (Bolzán & 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 

et al., 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 (Martínez, 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 α helix flanked by 2 non α helix regions (Vinós 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, 



 
 
 
 
 

96 
 

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 

(Bolzán et al., 1998; Bolzán & 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 ILP 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 α subunit 

auto phosphorylates the tyrosine residues located within the cytosolic facet of insulin receptor 
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β subunit [11]. The phosphorylated receptor then engages an adapter protein; Insulin receptor 

substrate (IRS) 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 (FoxO), 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, p38α, p38β, p38γ 

and p38δ 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; JNK1, 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 alignment of Nauphoeta cinerea and 

other eukaryotes. 

The annotation 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.  

  



 
 
 
 
 

113 
 

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 Bioquímica e 

Biologia Molecular, Universidade Federal de Santa Maria, Brasil at temperature of 24±3, 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. Identification 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. 

 

https://www.ncbi.nlm.nih.gov/
http://primer3.ut.ee/
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Table S1: Summary of Insulin signalling and normalizer primer sequences. 
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2.4. Total RNA Extraction, DNase Treatment, cDNA Synthesis and real-time q-PCR. 

TRIzolTM 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 (NanoDropTM 2000) and agarose gel 

electrophoresis, and total RNA was reverse transcribed to cDNA (GoScriptTM Promega Corp, 

USA), in a T100TM Thermal Cycler (BIO-RAD, China). DNA amplification was performed by 

polymerase chain reaction of a 20µl volume made up of 10µl Mix and 10µl 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 QuantStudioTM Design and Analysis 

software and evaluated using the comparative CT 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 ILP [H=13.05, P=0.0001; Figure 2A] 

mRNA 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 PI3K [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 ILP [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 

mean±SEM. 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 mean±SEM. 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 (II) 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 ILP2 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 



 
 
 
 
 

123 
 

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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5. 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 

https://sustainabledevelopment.un.org/sdg3
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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 

s and t as 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 β-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, GLUT1 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. 
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