
© 2016 Nocelli et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Open Access Insect Physiology

Open Access Insect Physiology 2016:6 13–23

Dovepress

submit your manuscript | www.dovepress.com

Dovepress 

R e v I e w

open access to scientific and medical research

Open Access Full Text Article

13

http://dx.doi.org/10.2147/OAIP.S72060

Comparative physiology of Malpighian tubules: 
form and function

Roberta CF Nocelli1

Priscila Cintra-Socolowski2

Thaisa C Roat2

elaine CM Silva-Zacarin3

Osmar Malaspina2

1Department of Nature Sciences, 
Mathematics and education (DCNMe), 
Center of Agronomic Sciences (CCA), 
UFSCar, Universidade Federal de São 
Carlos Campus Araras, Sao Paulo, 
SP, Brazil; 2Department of Biology, 
Center of Studies of Social Insects, 
UNeSP-Universidade estadual Paulista, 
Rio Claro, SP, Brazil; 3Department 
of Biology (DBio-CCHB), UFSCar, 
Universidade Federal de São Carlos 
Campus Sorocaba, Sao Paulo, SP, Brazil

Correspondence: Priscila Cintra-
Socolowski 
Department of Biology, Center of Studies 
of Social Insects, UNeSP-Universidade 
estadual Paulista, Av. 24-A, 1515, CeP 
13506-900, Rio Claro, SP, Brazil 
Fax +55 19 3526 4284 
email priscilacintra@yahoo.com.br

Abstract: Malpighian tubules (MTs) are the main osmoregulatory and excretory organs of 

insects and are considered analogous to the nephridia or kidneys, the corresponding organs of 

annelids and the vertebrates. MTs are responsible for the production of an isosmotic filtrate 

from hemolymph, the primary urine, which carries excretory products of metabolism and toxic 

compounds into the hindgut. The MTs of Drosophila (Diptera), the more representative studied 

insect, develop from the hindgut primordium and visceral mesoderm. Once formed, tubules 

in Diptera can grow in size to answer the increasing demands on osmotic and ionic regulation 

and renal clearance. However, there are up to 30 million species of insects occupying several 

ecological niches; therefore we can conclude that our models of transport and control of MTs 

cannot be generalistic. In this synthetic review, morphological and ultrastructural figures from 

hymenoptera, such as bees and ants, have been provided to illustrate the MTs from other insect 

groups. These organs have been widely used in ecotoxicological studies, as they quickly respond 

to changes in the insect’s environment, and the tubules induce detoxification genes. The large 

number of scientific manuscripts around the world indicates that the MTs can be used for evalu-

ation of biomarkers, detoxification, innate immunity, and as models for human renal diseases. 

Other studies have suggested that stem cells and progenitor cells may be involved in the repair 

and regeneration of injured renal tissue. Considering the different habitats of all organisms that 

have MTs, we can expect that the new techniques available for sequencing DNA and mRNA 

and the development of the omic-sciences, with the imminent sequencing of multiple insect 

genomes, will provide new data and further elucidate the different mechanisms by which MTs 

perform their functions.
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Introduction
All multicellular organisms have a specialized organ to concentrate and excrete waste 

from the body. The transporting tubules in these excretory systems are similar in a 

diversity of animals, including insects and mammals. In insects, Malpighian tubules 

(MTs) are the main osmoregulatory and excretory organs and are considered analogous 

to the nephridia of annelids or the kidneys of vertebrates.1–3 In addition to osmoregu-

lation, the MTs are also involved in the transport of organic substances, the body’s 

defense system, and chemical detoxification processes.4

The passage from an aquatic environment to terrestrial habitats resulted in a change 

in the excretion system from a process of elimination to a water conservation system. 

In addition to water, this system must also control levels of electrolytes and other 

molecules,5 functions that can be seen in the kidneys in vertebrates and the MTs in 
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Drosophila. These vastly  different animals share some similar 

characteristic features during renal tubular development.6

Vertebrate kidneys are derived through the mutual induc-

tion of the ureteric bud and metanephric mesoderm, and have 

the capacity to recover and regenerate following episodes of 

acute injury. The MTs of Drosophila, however, develop from 

the hindgut primordium and visceral mesoderm. Previous 

studies have suggested that stem cells and progenitor cells 

may be involved in the repair and regeneration of injured 

renal tissue.7

Morphologically, MTs are thin fingerlike extensions 

connected to the intestinal tract between the midgut and the 

posterior gut or hindgut (Figure 1).

In most cases, the MTs are free in the body cavity; how-

ever, some insects have a cryptonephridial complex where 

the distal end of these tubules is held in contact to the rectal 

wall by the perinephric membrane.8 This arrangement is 

present in most larval Lepidoptera and Neuroptera, in some 

Symphyta and Diptera larvae, and in many larvae and adults 

of Coleoptera.9

MTs produce the primary urine, an isosmotic filtrate 

from the hemolymph, which carries excretory products 

of metabolism and toxic compounds into the hindgut. The 

final phase of the excretory process commonly occurs in the 

rectum, from which some ions and water are reabsorbed.10 

Excretion occurs by secretion of ions and organic molecules 

from the hemolymph into the lumen of the tubule. From the 

lumen, the contents are modified as they pass through the 

MT and hindgut until they are excreted.

Embryonic origin and larval period
The osmotic and ionic regulation of larvae is functionally 

 carried out by MTs, and is developed early in the insect 

embryo, before feeding begins.11 Tubulogenesis requires 

the integration and coordination of various cellular events 

such as cell division, cell migration, cell intercalation, and 

cell shape changes.12 This process leads to the formation 

of elongated structures, variable in number, formed by a 

monolayer  epithelium that can be composed of one or two 

cell types.

These processes are well described for Drosophila, where 

four tubules originate from the hindgut primordium. In order 

to achieve the final morphology, some developmental phases 

are distinguished: cell specification, the eversion of the tubule 

primordia from the hindgut, 2–5 rounds of cell division, cel-

lular rearrangement with tubular elongation, positioning in 

the body cavity, differentiation and polarization of the stellate 

cells, and, finally, cell differentiation of the physiologically 

active cells with the appearance of uric acid in the tubule 

lumen.12 Once formed, tubules in Diptera can grow in size 

to meet increasing demands on osmotic and ionic regulation 

and renal clearance.12

During the larval stage of bees (Figure 2), the products 

absorbed from the hemolymph by MTs are accumulated 

in their lumen until the end of the larval feeding phase 

(Figure 2A). The MTs finally excrete their accumulated 

products when there is a connection between the midgut and 

the hindgut  preceding metamorphosis (Figure 2B).13

At the end of the larval stage of bees, MTs become 

inoperative and begin their degenerative process (Figure 2C). 

During metamorphosis of bees, new MTs differentiate from 

stem cells located at the insertion of the tubules into the 

digestive tract.13

The physiological demand of insects must increase the 

excretory load of MTs because they grow through succes-

sive larval instars. Because of this, insect MTs have two 

modes of development, the enlargement by cell growth of 

a few tubules (established early in embryogenesis) or the 

Figure 1 Digestive tract of Apis mellifera adult worker.
Notes: (A) Anatomical view of digestive tract showing insertion of Malpighian 
tubules (arrow) between the mg and the hg. (B) Details of Malpighian tubules 
(arrows) (Photos courtesy of Pamela Decio).
Abbreviations: R, rectum; mg, midgut; hg, hindgut; P, proventriculus.
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 production of new tubules according to the number of instars. 

For this reason, adult insects have many tubules compared 

with young stages, but the tubules are relatively small if there 

are more than 200.3

Cruz-Landim and Rodrigues14 studied seven species of 

Melipona (Hymenoptera, Apidae) to correlate the length of 

the MTs with the species weight and the original environ-

ment. They demonstrated that the lengths of the MTs of bees 

from dry environments differ from those from semihumid 

and humid environments. They also showed that the rectal 

pads, responsible for absorption of the water available in the 

rectum, are smaller in bees from semihumid environments 

when compared with bees that inhabit humid environments. 

Silva-de-Moraes and Cruz-Landim15 demonstrated that 

larvae of Melipona quadrifasciata anthidioides Lepeletier 

have eight long MTs that degenerate in the prepupae stage. 

The nuclei of the MTs cells become irregular, and the cells 

are reabsorbed. MTs in bees are highly variable in number 

and size among species and life stages, but the causes of this 

variability are still unknown.16

Insects without a pupal stage (hemimetabolous insects) 

and holometabolous insects, which have a pupal stage, 

retain their MTs throughout metamorphosis,17 while in the 

larval stage of bees, tubules degenerate and new tubules are 

formed at the end of metamorphosis to work in the adult 

stage. In species with no destruction of the MTs during 

metamorphosis, such as Drosophila melanogaster, apop-

totic genes are activated but can assume other functions 

such as directing the rearrangement of the adult tubule. 

However, the actual function of these genes in tubulogen-

esis is unclear.18

In adult insects, MTs vary in number, with just 5 in  workers 

of Crematogaster lineolata and Myrmicina  americana 

(Hymenoptera, Myrmicinae)19 and 250 in Schistocerca 

 gregaria (Orthoptera, Acrididae). For social insects, the 

number of tubules varies between 4 and 64, depending on 

the species and the developmental stage.13

Among ant species, MTs exhibit great diversity in 

 number, size, morphology, and arrangement.20 In ants of 

the tribe Cephalotini (Cephalotes atratus, C. clypeatus, and 

C. pusillus) (Hymenoptera, Formicidae), six MTs with a 

free distal end are present in the body cavity, and all studied 

species present the same excretory pattern.21

Morphology
The MTs consist of a single layer of one or more types of 

cells, surrounding a blind-ending lumen (Figure 3). Accord-

ing to insect groups, tubules are divided into distinct regions, 

Figure 2 MT of Apis mellifera larvae; Histological sections stained with hematoxylin–eosin.
Notes: (A) end of the larval feeding phase showing the MTs connected to transition between the mg and the pg. (B) Distal portion of the MTs with flattened cells and larger 
lu containing excretory products. (C) Proximal portion of MTs during the end of larval postdefecation phase showing vacuolization of the epithelium of the tubule.
Abbreviations: MT, malpighian tubule; mg, midgut; pg, posterior gut; lu, lumen; tr, trophocyte of fat body; en, oenocyte of fat body.
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according to function and morphology. Histologically, the 

MTs possess pyramidal or cubical cells, with nuclei in the 

center or the base containing 1–3 nucleoli. In these  species, 

the transitional portion between the midgut and the ileum 

(pylorus) is closed on one side by the pyloric valve, and 

on the other by a glandular epithelium, the MTs being 

empty in this region.21 In MTs of Solenopsis saevissima 

(Hymenoptera, Formicidae), three segments were distin-

guished: proximal, middle, and distal, and this distinction 

is based on the shape and structure of the epithelial cells 

lining the different segments of the tubules.22 However, this 

regionalization is not observed in Bombus morio, where the 

epithelium has two cell types that are interspersed throughout 

the tubule.23

The ultrastructure of the cells is variable throughout 

the species. In Musca domestica (Diptera),24  Frankliniella 

occidentalis (Thysanoptera),25 and Calpodes ethlius 

( Lepidoptera),26 the MT layer is uniform, while, in other 

insects, it can be observed in different cell types, functionally 

and morphologically.3,9,23 In adults, MTs are composed of two 

cell types: the principal cells and the stellate cells, which play 

different roles in the process of excretion.12

Malpighian tubules of the yellow fever mosquito dif-

fer morphologically from other epithelia in two ways: the 

abundance of intracellular concretions (metallo-organic 

aggregates of Ca2+, Mg2+, and K+) in principal cells and the 

presence of a long slender mitochondrion in every microvillus 

of the apical brush border.27

The intracellular concretions in the MTs of ants can be 

visualized as granules containing electron-dense concentric 

rings (Figure 4). According to some authors, these granules 

consist of metabolic remnants of filtrates from the hemo-

lymph and indicate that cells with high metabolic activity 

store large quantities of granules. These granules are char-

acteristic not only of ant and other insect MTs but also some 

cells of the midgut epithelium.28

Figure 3 MTs of adult worker Apis mellifera; Histological sections stained with Hematoxylin-eosin.
Notes: (A) MTs connected between the mg and pg. (B) Details of MTs showing epithelium with nu cells surrounding the lu. (C) whole mount preparation of MT of Melipona 
scutellaris (Hymenoptera, Apidae) worker. Confocal images with faloidin showing F-actin in green (Cy5) and nuclei in cyan (DAPI).
Abbreviations: MT, Malpighian tubule; mg, midgut; pg, posterior gut; nu, mononucleated; lu, lumen.
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The walls of the MTs are composed of a single layer of 

cuboidal epithelial cells (Figures 2–4). These cells rely on 

active transport mechanisms to concentrate organic mol-

ecules and ions in the lumen. They form an excellent system 

in which it is possible to evaluate and study some of the 

properties of secretion in a transporting epithelium.29

The ultrastructure of the MT epithelium can vary among 

insects, but the basic features are similar. Thus, the apical 

surfaces of the MT epithelium possess microvilli of varying 

descriptions, depending on the cell type.30 The basal portion 

of the epithelium has invaginations in its plasma membrane 

that are perpendicular to the basal lamina and that externally 

cover the epithelium. Excretory cells have mitochondria, 

Golgi complexes, and granular and agranular endoplasmic 

reticulum. Most of the mitochondria are associated with basal 

membrane invaginations that indicate the energetic need of 

the transport process of material from the hemolymph to the 

tubule epithelium.

In Bombus morio, however, type I cells have mitochondria 

associated with both: the apical microvilli and the invagina-

tions of the basal plasma membrane, indicating a special-

ized epithelium in active transport of fluids and ions, which 

assume the role of the rectal pads, absent in this insect. Type 

II cells are more related to the selective endocytosis, because 

they show a little amount of mitochondria associated with an 

apical membrane with shorter and irregular projections.23

In many insects, the Malpighian cells are polytene, and the 

nuclei of the cells are large.9 In Dinoponera australis, organs 

related to digestion and excretion present the much higher 

levels of endopolyploidy when compared with other organs 

such as brain and muscle.31 This was also observed in Apis 

mellifera by Rangel et al,32 although no statistically significant 

differences were observed. In addition to differences with 

regard to other organs, in Apis mellifera, MT showed higher 

ploidy values in an age-dependent manner. The higher ploidy 

in this organ may be related to their function, they result in a 

core-shape and larger volumes that may have higher rates of 

gene expression, increasing their metabolic capacity.

In a large number of insect species, various types of 

intracellular crystals can be found. The organic and inor-

ganic composition of intracellular crystals determines the 

color of the tubules. The transport properties of the cells 

are determined by many factors that control their activity 

besides their position in the membranes.9 These crystals are 

always associated with a specific cell type, such as the upper 

tubule cells of Rhodnius prolixus or the primary cell of Aedes 

Figure 4 MT of an adult worker Atta sexdens rubropilosa.
Notes: (A) Histological sections stained with hematoxylin–eosin. Note the granules (black arrows) spread by the cytoplasm of excretory cells. (B and C) Transmission 
electron microscopy. General view of excretory cell in (B) highlighting the gr and nu. Detail of granules in (C) showing the concentric ring (black arrow) inside them.
Abbreviations: MT, Malpighian tubule; nu, nucleus; lu, lumen; gr, granules.
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taeniorhynchus and Periplaneta americana.33 However, in 

Bombus morio, the two cell types I and II have crystals in 

their cytoplasm crystals.23 These crystals are generally sup-

posed to serve as a form of storage excretion, and the most 

common are the “laminate spheres” or spherocrystals, which 

have unclear origin.34

Physiology
The transport system in the tubules of excretory systems of 

insects and mammals are similar, although they differ among 

species and at various developmental stages within the same 

species. Although they are important for different metabolic 

processes in various animal groups, nitrogen compounds need 

to be excreted. The main compounds that are finally excreted 

are ammonia, urea and uric acid. MTs, as well as the renal 

tubules of vertebrate, actively secrete uric acid.

In addition to the excretion of nitrogenated metabolites, 

MTs are involved in insect homeostasis, intestinal pH, regu-

lation and secretion of calcium,35 immunological defense, 

and clearance of toxic substances.11 MTs also provide min-

erals that are stored in the form of spherites, important for 

crickets in the hibernation period,36 or supply substances for 

symbiotic microorganisms in the midgut37 and regulate lipid 

production in ants.10

Confirming the role of the MTs as the major excretory 

system in the insect, they can act as a quality controller for 

the hemolymph. There are several genes that are abundant, 

or highly enriched in the MTs from Drosophila, which par-

ticipate in metabolism and detoxification, such as the genes 

that express functions of enzymes Type III alcohol dehydro-

genase, Alcohol dehydrogenase, Glutathione transferase, and 

Cytochrome P450. Several cytochrome P450s are heavily 

enriched in the tubules, and most of them are of the Cyp6 

class, which is insect-specific.38 Glutathione transferases play 

a role in phase II metabolism of xenobiotics, conjugating 

reduced glutathione to lipophilic substrates, making them 

more hydrophilic, and thus more easily excreted. The insec-

ticide resistance is directly attributable to overexpression 

of cytochrome P45039 or glutathione-S-transferase.40 These 

findings suggest the possibility of the MTs being an important 

site in determining insecticide resistance.

In the mammalian kidney, most of the contents of the 

kidney tubule derive from plasma filtered into the lumen 

at Bowman’s capsule. In insects, excretion is performed by 

transporting organic molecules and ions from the hemolymph 

into the lumen of the MT. As in the mammalian kidney, 

however, the contents of the lumen are modified as they pass 

through the MTs and hindgut.29

The excretory system of insects, in general, is considered 

to be divided into two parts: the primary urine is formed 

through secretion by the MTs, and the final excreta content 

is defined by reabsorption in the rectum. Fluid secretion is 

driven by the active transport of cations, and potassium chlo-

ride is the predominant solute in the tubule fluid. However, 

the concentrations of other solutes, such as sodium, sugars, 

and amino acids, are relatively low in the hemolymph. The 

MTs are also capable of actively secreting toxic substances, 

such as cardiac glycosides.35

In insects, there is no glomerular filtration, and in the MTs, 

tubular secretion is the only mechanism for presenting solute 

and water to the tubule lumen. Therefore, the renal turnover 

of the extracellular fluid compartment is accomplished by 

the epithelial transport mechanisms, such as secretion and 

absorption. The distal segment of the MT (blind-ended) 

secretes water, organic solutes, and electrolytes, and the 

proximal segments reabsorb solute and water.41–45 Reabsorp-

tion then continues in the hindgut and rectum.46,47

The primary urine has a high K+ and a low Na+ concentra-

tion, relative to their concentrations in the hemolymph.48 The 

potassium transference from the hemolymph to the lumen 

occurs against the concentration gradient and requires energy 

by active transport (ATPase). The urine is iso-osmotic with 

the hemolymph, and its osmolarity is not dependent on the 

urine flow rate. Complementarily, there is a difference in the 

tubular wall electric potential: the inner sides are generally 

20–30 mV positive.11,41,49

Several studies evidence the presence of a cotransport 

system and a H+ pump in the MTs of Formica polyctena 

(Hymenopera, Formicidae).50–54 The presence of active and 

passive K+ uptake mechanisms across the basal membrane 

was investigated in different bath K+ concentrations. The 

authors proposed a model in which K+ channels play a 

dominant role in high-K+ bathing medium, and the results 

obtained from intracellular and luminal ion-selective 

measurements have demonstrated that the calculated 

gradients for Cl
2
 and K+ are consistent with the transport 

mechanisms.55

The regulation of epithelial transport is mediated by 

intrinsic mechanisms and through messengers circulating 

in the hemolymph because MTs are not innervated. The 

triatomine Rhodnius prolixus (Hemiptera, Triatominae) has 

an abdomen sensed by stretch receptors in the abdominal 

cuticle that distend when it feeds on blood. This process trig-

gers the release of serotonin and an unidentified peptide from 

several neurons, including from the central nervous system, 

mesothoracic ganglia, and the corpora cardiaca.56
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Drosophila and mosquitoes have MTs with large and 

small cell types. The large cells are the principal cells, which 

are responsible for most of the mass of the tubule. The small 

cells are thin stellate cells. The principal cells mediate tran-

sepithelial secretion of Na+ and K+, while the stellate cells 

and the paracellular transport pathway secrete Cl−. To power 

transepithelial transport, most vertebrate epithelia rely on the 

Na/K ATPase, while MTs use the V-type H+-ATPase. The 

movement of water across the MTs occurs by both transcel-

lular and paracellular pathways.11 Transcellular routes are 

the most actively studied, with a focus on aquaporin water 

channels that have been identified in all animal taxa.57

In Drosophila MTs, a multipotent stem cell was identi-

fied that is able to generate all cell types of the adult. In the 

same study, they found that autocrine JAK/STAT regulates 

stem cell self-renewal or differentiation. The methodo-

logy applied involved using heat shock to induce a mitotic 

genetic recombination event that leads to permanent expres-

sion of transgenes, like GFP (green fluorescent protein) 

or lacZ (β-galactosidase) in a proliferating cell as well as 

in all progeny of that cell. Therefore, different molecular 

markers and clonal analysis bioassays showed that these 

cells are able to proliferate and differentiate into several 

types of cells.58

Control
Insects are an extremely ancient grouping of organisms with 

short life spans and, frequently, multiple generations per year 

that inhabit a wide variety of environmental niches. Because 

of this, the mechanisms of homeostasis control may show 

considerable variation between genera, even though the basic 

underlying themes are conserved.59

Insects are vulnerable to desiccation because of their 

small size and high surface area to volume ratio. Water can 

be obtained from the diet, but in order to maintain fluid 

homeostasis, it must equal the water lost through evaporation, 

respiration, and excretion. Excretory water loss is determined 

by the rate at which fluid enters the hindgut from the midgut 

and MTs, and the rate of reabsorption therein.60 Several 

substances play the role of regulation of ion homeostasis 

and fluid composition in MTs, which allows the insect to 

regulate hemolymph volume and composition. In the adult 

of Manduca sexta, for example, the stimulation of tubules is 

performed by biogenic amines (serotonin and octapamine), 

cyclic nucleotides (cGMP and cAMP), and peptides from 

three different classes (CAPs, leucokinins, TRPs).61 These 

compounds are hormones or neurohormones. They derive 

from the central nervous system (CNS) that exerts its control 

by means of neurohormones released into the extracellular 

fluid directly from the CNS, or other hormones from glands 

themselves controlled by the CNS hormones. For example, 

the TRPs are immunolabelling in brain neurons of M. sexta 

and also in midgut endocrine cells,61 which are the likely 

source of circulating TRPs that might act on the MTs. 

In  addition to CNS, ion transport peptides (ITP) are expressed 

in the peripheral nervous system of Drosophila, specifically 

in hindgut-innervating abdominal ITP neurons.62

Diuretic hormones (DHs) and antidiuretic hormones 

(ADHs) are endocrine factors that affect the regulation of 

fluid excretion. These hormones consist of a diverse group of 

peptides that are produced by neurosecretory cells in the brain 

and ventral nerve cord ganglia.39 Water loss by excretion in 

insects is determined by the rate at which each fluid reaches 

the hindgut and midgut from the MTs and the reabsorption 

rate. Despite its name, usually, DHs stimulate the secretion 

of primary urine by MTs, and ADHs (aldosterone and vaso-

pressin) increase the reabsorption of fluid from the hindgut. 

Primary urine formation must be driven by active transport, 

not by blood pressure. Since insects have low pressure cir-

culatory systems, primary urine isosmotic to the hemolymph 

is secreted by the MTs.59 In the excretory process of insects, 

MTs generate a flow of primary urine that is subsequently 

modified by a reabsorptive and secretory process in the 

hindgut. Generally, DHs increase MT secretion by stimulat-

ing ion transport into the lumen accompanied by osmotically 

obliged water (osmotic filtration), which will either reduce 

MTs secretion or stimulate fluid and vital solute reabsorp-

tion in the hindgut. There are exceptions to the function of 

DHs, and sometimes their names do not precisely describe 

their actions.63

A multiplicity of peptides regulate diuresis and antidiure-

sis in insects: CRF-like DH, calcitonin (CT)-like DH, kinins, 

CAP2b, arginine vasopressin-like insect DH, serotonin and 

other biogenic amines, other peptides with diuretic activity, 

antidiuretic factor (ADFs), and ITP. The first of these  factors 

to be identified that inhibits MT secre tion, Tenmo-ADFa, was 

isolated from the pupal heads of T enebrio molitor, based 

on its ability to elevate cyclic GMP (cGMP) levels in MTs 

of this species.64

The main transport through membrane is the sodium-

potassium pump that maintains the sodium gradient with 

energy required from ATP. To maintain the gradient of extra-

cellular fluid, Na+ is removed from the cell in exchange for K+. 

In the absence of ATP, or if the pump is poisoned by metabolic 

inhibitors, sodium leaks into the cell, and the sodium gra-

dient disappears. Without the potential energy stored in the 
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sodium gradient, indirect active transport  processes such as 

the sodium-glucose cotransporter are unable to function.29

Other functions
In bumblebee Bombus atratus, a histochemical analysis of 

MT identified a mucous secretion produced by this organ.65 

A similar study performed in the stingless bees Plebeia 

droryana and Scaptotrigona postica showed the participa-

tion of the mucous secretion produced by MTs in cocoon 

composition.65,66

The Malpighi tubules of the giant mealworm Zophobas 

morio (Coleoptera, Tenebrionidae) show a short antimicrobial 

peptides (AMP)-ligase with weak luciferase activity that 

diverged long ago from beetle luciferases.67 These protolu-

ciferases have an evolutionary importance in the investigation 

of bioluminescence origin in beetles.

Malpighian tubules of Drosophila melanogaster, in addi-

tion to their excretory function, act as autonomous immune 

sensing organs because their cells secrete AMP in response 

to invading microbial pathogens. The AMPs (diptericin, 

cecropin A, drosocin, and attacin A) are constitutively 

expressed and are regulated in a developmental stage-specific 

manner.68

The MTs of insects are also known to have mechanisms of 

active transport to remove toxic compounds such as alkaloids 

from vegetal sources8 and chemical compounds that are pres-

ent in the environment and are toxic for insects.69

In addition to the obvious importance of the excretory 

system, the MTs have been widely used in ecotoxicological 

studies, as they quickly respond to changes in the insect’s 

environment, and the tubules also induce detoxification genes, 

notably cytochrome P450s and glutathione S- transferases.70 

This highlights the importance of understanding their struc-

ture and physiology.69,71–73

Different functions of MTs have emerged with the devel-

opment of postgenomic technologies, mainly in Drosophila, 

such as microarrays, proteomics, and metabolomics.74 By 

means of molecular techniques, Chahine and O’Donnell75 

suggest a coordinated response by the MTs, involving both 

alterations in detoxification pathways as well as enhanced 

fluid transport.

Molecular studies are revealing the mechanisms and 

modulation of the cell signaling in the MT that are related to 

stress tolerance in insects.76 The gene encoding Cytochrome 

P450-4e3 (Cyp4e3) is upregulated in the principal cells of the 

MT in Drosophila fed on permethrin.77 In MT of Drosophila, 

studies at the molecular level indicated the overexpression of 

a Cytochrome P450 gene, Cyp6g1, which has been evolved 

to insecticide resistance.78

Catae et al79 studied the effects of thiamethoxam in the 

midgut and MTs of the Apis mellifera honeybee. This study 

showed cellular responses of MTs after the commitment 

of the midgut induced by exposure to this neonicotinoid.50 

Another study also showed that very low concentrations 

of imidacloprid lead to cytotoxic responses in the MTs of 

insecticide-exposed bees, implying that this effect can alter 

the ionic and fluid homeostasis in honeybee.80

Closing arguments
Although they were described for the first time in the 17th 

century and despite their apparent simple morphological 

organization, the MTs are key organs, performing different 

functions at different stages of development. In view of their 

importance for the maintenance of the individual homeosta-

sis, and multiple assigned functions, many researchers are 

still devoted to studies of the MTs, and this review in no way 

exhausts the subject.

Recently, the understanding of transepithelial transport in 

insect MTs and its regulation processes has advanced consider-

ably. The most important discoveries to illustrate this progress 

have been the isolation and sequencing of diuretic and antidi-

uretic peptides, the discovery of the V-type H+-ATPase as an 

energizer of plasma membranes, and the studies of epithelial 

transport functions using modern experimental methods.11,27

Genomic and proteomic analysis studies may elucidate 

their intracellular signaling mechanisms,81,82 regulating the 

immune response,83 in addition to other functions of MTs, 

as their relationship with the bioluminescence mechanism 

in some insects.84,85

The results indicate that MTs can be used for the evaluation 

of biomarkers, at the cellular level, in toxicological studies, 

especially studies done with sublethal doses and concentra-

tions of chemicals. The various roles played by MTs reflect 

the interactions that organisms have with the environment in 

which they live. The different habitats of various organisms 

that have MTs as excretory system reflect the plasticity pre-

sented by this organ, and it may have many other functions 

too that have not been described. We can expect in the coming 

years, in light of the new techniques available and the develop-

ment of the omic-sciences (transcriptomics, proteomics, and 

metabolomics), that new data will further elucidate the differ-

ent mechanisms by which MTs perform their functions.
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