
494

online | memorias.ioc.fiocruz.br

Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 108(4): 494-500, June 2013

The importance and the physiological role of the 
midgut in lipid metabolism have been studied by several 
authors in different insect species. It is widely recognised 
that the main region responsible for digestion in insects 
is the midgut, which contains cells that secrete digestive 
enzymes and are permeable to the products of digestion 
(Wigglesworth 1928, Nogueira et al. 1997, Terra et al. 
2006, Mury et al. 2010). The midgut also participates 
in the absorption and processing of dietary lipids and 
the exportation of these molecules to the haemolymph. 
Triacylglycerol (TG) is a major component of the diet 
for some insects and is a major form of fatty acid (FA) 
storage (Beenakkers et al. 1985) . In the midgut of Lo-
custa migratoria, the products of TG hydrolysis are rap-
idly incorporated into phospholipids and neutral lipids 
(NL) (Weintraub & Tietz 1973). In addition, the midguts 
of Pieris brassicae and Aeshna cyanea incorporate trio-
lein and oleic acid from the diet and transfer them to the 
haemolymph, mainly in the form of diacylglycerol (DG) 
(Turunen 1975, Bauerfeind & Komnick 1992, Grillo et 
al. 2007). Soon after the haematophagous bug Rhodnius 

prolixus has a blood meal, phospholipids and DGs are 
released from the midgut to lipophorin (Lp) particles. 
However, on the 10th day after feeding, a dramatic shift 
in lipid metabolism occurs and the midgut becomes 
the main site of lipid incorporation (Atella et al. 1995, 
Coelho et al. 1997).

Most of the studies concerning lipid incorporation by 
the midgut have analysed dietary absorption; little work 
has been conducted with respect to lipid uptake from the 
haemolymph. Atella et al. (2000) demonstrated that when 
14C-oleic acid was injected into the haemocoel of adult fe-
males 10 days after a blood meal, the radioactive oleic acid 
rapidly associated with Lp particles. Thirty minutes after 
the injection, the radioactivity was distributed among 
different organs; however, the midgut was the main site 
of radioactivity incorporation because this is where FAs 
are primarily used to synthesise phospholipids.

The hemipterans also differ from other insects be-
cause they lack a peritrophic membrane and their mid- 
gut cells are coated with an extracellular membrane, the 
perimicrovillar membrane (PMM) (Terra 1988). This 
structure was described and interpreted differently in 
morphological and enzymological studies performed 
by several authors (Marshall & Cheung 1970, Reger 
1971, Burgos & Gutiérrez 1976, Lane & Harrison 1979, 
Baerwald & Delcarpio 1983, Billingsley & Downe 1986, 
Ferreira et al. 1988, Silva et al. 1996). The PMM is a li-
poprotein structure that extends from the base of the mi-
crovilli towards the lumen and forms a closed compart-
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In this study, we describe the fate of fatty acids that are incorporated from the lumen by the posterior midgut 
epithelium of Rhodnius prolixus and the biosynthesis of lipids. We also demonstrate that neutral lipids (NL) are 
transferred to the haemolymphatic lipophorin (Lp) and that phospholipids remain in the tissue in which they are or-
ganised into perimicrovillar membranes (PMMs). 3H-palmitic acid added at the luminal side of isolated midguts of R. 
prolixus females was readily absorbed and was used to synthesise phospholipids (80%) and NL (20%). The highest 
incorporation of 3H-palmitic acid was on the first day after a blood meal. The amounts of diacylglycerol (DG) and 
triacylglycerol synthesised by the tissue decreased in the presence of Lp in the incubation medium. The metabolic 
fates of 3H-lipids synthesised by the posterior midgut were followed and it was observed that DG was the major lipid 
released to Lp particles. However, the majority of phospholipids were not transferred to Lp, but remained in the tis-
sue. The phospholipids that were synthesised and accumulated in the posterior midgut were found to be associated 
with Rhodnius luminal contents as structural components of PMMs.
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ment known as the perimicrovillar space (Terra 1988). 
This space is located between the microvillar membrane 
and the PMM. Some roles of the PMM are analogous 
to peritrophic membrane functions, such as the com-
partmentalisation of the digestive process, the optimisa-
tion of amino acid absorption and the immobilisation of 
some enzymes. Additionally, the PMM physically and 
chemically protects the intestinal epithelium against 
the toxic products of blood digestion (Silva et al. 2007). 
Previous investigations have determined that the PMM 
of R. prolixus is also involved in the adherence of try-
panosomatids to the intestine. These studies suggested 
that PMM molecules, such as lectins, carbohydrates and 
glycoproteins, are related to the competence of Trypano-
soma cruzi to colonise the midgut of the vector success-
fully (Pereira & Königk 1981, Isola et al. 1986, Mello et 
al. 1996, Ratcliffe et al. 1996, Bourguignon et al. 1998, 
Kollien et al. 1998, Gonzalez et al. 1999, Araújo et al. 
2002, Alves et al. 2007).

Although some studies have investigated the possible 
functions of the PMM, research on the synthesis and lip-
id composition of the PMM is lacking. In this study, we 
describe the fates of the FAs that are incorporated into 
the posterior midgut of R. prolixus and the biosynthesis 
of lipids. We also demonstrate that NL are transferred to 
the haemolymphatic Lp and that phospholipids remain 
in the tissue, where they are organised into PMMs.

MATERIALS AND METHODS

Insects - Insects were taken from a colony of R. pro-
lixus maintained at 28ºC and 70-80% relative humidity. 
The experimental insects were adult mated females that 
fed on rabbit blood at three-week intervals.

Midgut labelling with a radioactive FA - The posteri-
or midguts from adult females were isolated, washed and 
tied at both ends. 3H-palmitic acid [0.05 µL, 106 counts 
per minute (cpm); specific activity: 57 mCi/mmol] (Per-
kin Elmer, Waltham, Massachusetts, USA) was injected 
into the luminal side of these posterior midguts using 
a PLI-100 microinjector (Harvard Apparatus, Holliston, 
Massachusetts, USA). In the experiments designed to 
study total lipid metabolism and the release of lipids to 
Lp, the 3H-palmitic acid-injected midguts were incubat-
ed in 199 culture medium (Sigma, St. Louis, Missouri, 
USA) enriched with 10 µg/µL non-radioactive purified 
Lp. Unless otherwise stated, the incubations were per-
formed at 28ºC. At the indicated times, the culture me-
dia or the midgut were removed and subjected to lipid 
extraction and the lipids were analysed by thin-layer 
chromatography (TLC).

Lipid analysis - The lipids extracted (Bligh & Dyer 
1959) from Lp, posterior midguts, luminal contents or 
PMMs were analysed by TLC, as described previously 
for phospholipids (Horwitz & Perlman 1987) or NL (Ka-
wooya & Law 1988). The plates were stained with iodine 
and autoradiographed in a PhosphorImager Storm 860 
laser scanner (Amersham Biosciences, Uppsala, Swe-
den); alternatively, the lipid spots were scraped and elut-
ed and the radioactivity associated with each spot was 
determined by scintillation counting.

In vivo phospholipids synthesis by the posterior 
midgut and secretion to the luminal contents - 3H-palm-
itic acid (0.1 µL, 106 cpm; specific activity: 57 mCi/
mmol) (Perkin Elmer, Waltham, Massachusetts, USA) 
was injected into adult female haemocoels 10 days af-
ter a blood meal using a PLI-100 microinjector (Harvard 
Apparatus, Holliston, Massachusetts, USA). After 2 
h, females were dissected, the luminal contents of the 
posterior midgut collected and subjected to lipid extrac-
tion and the phospholipids synthesised were analysed by 
TLC. The radioactivity associated with each phospho-
lipid spot was determined by scintillation counting.

Purification of the R. prolixus PMM - An extract of 
the R. prolixus PMM and its discontinuous sucrose gra-
dient fractions were obtained as described by Ferreira 
et al. (1988). Briefly, membrane fractions for sucrose 
gradient ultracentrifugation were prepared according to 
the following methods. One hour after the 3H-palmitic 
acid injection, posterior midgut homogenates were di-
luted five-fold with water and centrifuged at 25,000 g 
for 30 min. The pellets were resuspended in water and 
after three freeze-thaw cycles, they were again centri-
fuged at 25,000 g for 30 min. The pellets were resus-
pended in 0.2 mL and applied to the top of 4.6-mL lin-
ear gradients of sucrose (4.5-45%, w/v) prepared in 50 
mM sodium acetate buffer (pH 5.5) containing 1 mg/mL 
bovine serum albumin (BSA). Gradient-centrifugations 
were performed at 96,000 g for 15 h at 4ºC. Fractions 
(0.2 mL) were collected, starting close to the bottom of 
the tubes (approximately 0.1 mL of the gradients were 
left behind to avoid collecting the pellet formed during 
ultracentrifugation). The activity of the marker enzyme 
α-glucosidase (Ferreira et al. 1988) and the refractive in-
dex were determined for each fraction.

Lp purification - Lp was purified from the hae-
molymph by ultracentrifugation in a KBr gradient, as 
previously described (Gondim et al. 1989). Briefly, 5 
mL of haemolymph were collected in the presence of a 
protease inhibitor cocktail (ethylenediamine tetraacetic 
acid and P8340, Sigma-Aldrich, St. Louis, Missouri, 
USA) and centrifuged at 16,000 g for 5 min at 4ºC to 
remove haemocytes. KBr was added to the supernatant 
to a final concentration of 0.4 g/mL and this mixture was 
again centrifuged at 125,000 g in a Beckman 50.1 Ti ro-
tor (Brea, California, USA) at 4ºC for 20 h. The gradient 
was then fractionated from the top to the bottom and the 
Lp fractions were pooled, extensively dialysed against 
phosphate buffered saline and stored under liquid nitro-
gen until use. The degree of purification was monitored 
by sodium dodecyl sulphate (SDS) polyacrylamide gel 
electrophoresis and the protein concentration was esti-
mated according to the method of Lowry et al. (1951) 
using a micro bicinchoninic acid Kit (Pierce, Rockford, 
Illinois, USA) in the presence of 0.3% (w/v) SDS. BSA 
was used as a standard.

Statistical analysis - All data are presented as means 
± standard deviation of the mean. The means were de-
termined from three independent assays. Standard error 
bars are not shown when the error range is smaller than 
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the symbol size. Statistical comparisons of the means 
were evaluated using Student’s t test (unpaired) and a 
one-way analysis of variance followed by Dunnett tests 
(paired). A p value ≤ 0.05 was considered significant.

RESULTS

When 3H-palmitic acid was added to the luminal side 
of posterior midguts and incubated in culture medium at 
28ºC for 1 h, a significant amount of FAs was esterified. 
Fig. 1 shows the distribution of the radioactivity among the 
lipids of the posterior midgut 1 h after the incubation with 
3H-palmitic acid. The lipids were analysed by TLC fol-
lowed by autoradiography in the PhosphorImager. Phos-
phatidylethanolamine (PE), phosphatidylcholine (PC) and 
phosphatidylserine (PS) were the major phospholipids 
identified (Fig. 1), whereas DG and TG were the major 
NL identified (Fig. 1). The amounts of radioactivity accu-
mulated in the phospholipids and the NL corresponded to 
approximately 80% and 20%, respectively (Table I).

The rate of 3H-palmitic acid incorporation into the 
posterior midgut varied during the days following feed-
ing. We observed that the capacity of the posterior mid- 
gut to absorb FAs from the luminal contents was higher 
in the first day after feeding (Fig. 2).

The time-course of 3H-palmitic acid esterification to 
DG and TG by the posterior midgut in the presence or 
absence of Lp in the incubation medium is shown in Fig. 
3. The addition of Lp into the culture medium reduced 
the amount of 3H-DGs synthesised by the tissue and 

established a new steady state level (Fig. 3A). Similar 
results were obtained for the synthesis of 3H-TG in the 
posterior midgut. The addition of Lp in the culture me-
dium reduced the amount of TG that was accumulated 
by the tissue (Fig. 3B).

In the 10th day after blood feeding, the 3H-DG that 
was synthesised by the posterior midgut was readily trans-
ferred to Lp, but the 3H-phospholipids remained in the tis-
sue. The time-course of 3H-DG transfer is shown in Fig. 4. 
In the absence of Lp, a negligible amount of radioactivity 
was secreted into the medium. Despite the physiological 
state of the organ, a significant amount of the phospholip-

TABLE I
Total lipids synthesised by posterior midgut  

after contact with 3H-palmitic acid at the luminal side

cpm/midgut (%)

TG 450 ± 98 3
DG 2,200 ± 456 16
PC 6,870 ± 295 49
PE 4,390 ± 372 32

Total 13,910 ± 2,212 100

the posterior midguts of adult females were dissected on the 
10th day after blood feeding and 3H-palmitic acid was added 
at luminal side and incubated in culture medium in the pres-
ence of lipophorin. Thirty minutes later, the posterior midgut 
was washed and subjected to a lipid extraction and the lipids 
were analysed by thin-layer chromatography. The spots were 
removed and eluted and the radioactivity associated with each 
lipid was estimated by scintillation counting. cpm: counts per 
minute; DG: diacylglycerols; PC: phosphatidylcholine; PE: 
phosphatidylethanolamine; TG: triacylglycerol.

Fig. 1: neutral lipids (NL) and phospholipids the posterior midgut after 
contact with 3H-palmitic acid. The posterior midguts of adult females 
were dissected on the 10th day after blood feeding and 3H-palmitic 
acid was added at the luminal side and incubated in culture medium. 
Thirty minutes later, the midgut was washed and subjected to lipid 
extraction. The total lipids were analysed by thin-layer chromatogra-
phy and autoradiographed in a PhosphorImager. DG: diacylglycerols; 
or: origin; PA: phosphatidic acid; PC: phosphatidylcholine; PE: phos-
phatidylethanolamine; PS: phosphatidylserine; TG: triacylglycerol. 

Fig. 2: 3H-palmitic acid incorporation by the posterior midgut in the 
days following feeding. Adult females were fed with non-radioactive 
blood. On different days after feeding, the posterior midguts of adult 
females were dissected and 3H-palmitic acid was added at the luminal 
side and incubated in the culture medium. One hour later, the midgut 
was dissected and homogenised and the radioactivity of the extracted 
lipids was determined by scintillation counting. The vertical bars rep-
resent the standard error for three determinations. Asterisk means the 
statistical analyses p < 0.01. cpm: counts per minute.
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ids that were synthesised by the posterior midgut (Table I) 
was not readily transferred to the culture medium associ-
ated Lp in the 10th day after feeding (Fig. 4).

We have previously demonstrated that the midgut of 
R. prolixus is able to take up FAs from the haemolymph 
(Atella et al. 2000). In vivo experiments were performed 
to understand whether the FAs derived from the haemo-
lymph could be used by the midgut for phospholipid syn-
thesis and secretion. 3H-palmitic acid was injected into 
the haemocoel and the phospholipids that were synthe-
sised by the posterior midgut and secreted into luminal 
content were analysed by TLC. The radioactivity asso-
ciated with each phospholipid spot was determined by 
scintillation counting. PC, PE, PS and phosphatidic acid 
(PA) were the major radioactive phospholipids identified 
(Table II, 1st column).

Ex vivo experiments were performed in parallel to 
compare the capacity of the luminal side of the posterior 
midgut to incorporate FAs and to synthesise phospho-

lipids. 3H-palmitic acid was injected into the luminal 
contents and incubated in culture medium. One hour 
later, the luminal contents were collected and subjected 
to lipid extraction and subsequent TLC. The radioactiv-
ity associated with each phospholipid spot was deter-
mined by scintillation counting. We observed radioac-
tive PC, PE, PS and PA present in the luminal contents 
(Table II, 2nd column).

To investigate whether phospholipids found in the 
luminal contents were organised in PMMs, radioactive 
luminal contents from in vivo experiments (Table II, 1st 
column) were collected and PMMs were purified in a su-
crose gradient. The phospholipids from purified PMMs 
were analysed by TLC. The radioactivity associated with 
each phospholipid spot was determined by scintillation 
counting. PE, PC and PS were the major phospholipids 
associated with the R. prolixus PMMs (Table III).

DISCUSSION

We have previously shown that the posterior midgut 
of R. prolixus is able to take up radioactive FAs from Lp 
preferentially on the 10th day after a blood meal (Atella 
et al. 1995). The synthesised NL were delivered as DG to 
Lp, but most of the phospholipids remained in the organ. 
In this study, we investigated the capacity of the posterior 
midgut to absorb radioactive FAs from the luminal side 
and to incorporate them into PMMs. When 3H-palmitic 
acid was added to the luminal side of the posterior mid- 
gut, it was readily absorbed and used to synthesise both 
phospholipids and NL (Fig. 1, Table I). In contrast to the 
fat bodies of L. migratoria and Manduca sexta (Soulages 
& Wells 1994, Van der Horst et al. 2001), in which the 
majority of radioactive FAs were esterified as TG, in 
the R. prolixus midgut, 80% of the 3H-palmitic acid was 
used to synthesise phospholipids and only 20% was used 
to synthesise NL (Table I). These values are different 
from those obtained when 3H-palmitic acid was injected 

Fig. 4: time-course of 3H-diacylglycerol release to the medium associ-
ated with lipophorin (Lp) particles following the addition of 3H-palm-
itic acid at the luminal side. The posterior midguts of adult females 
fed 10 days earlier were dissected. 3H-palmitic acid was added at the 
luminal side and the organ was incubated in the presence of Lp. At 
different times, the incubation medium was collected subjected to a 
lipid extraction followed by thin-layer chromatography. 3H-diacylg-
lycerol (■), 3H-phospholipids (○) and total 3H-lipids in the absence of 
Lp (▲) were detected and the radioactivity was measured by scintil-
lation counting. The vertical bars represent the error for four determi-
nations. cpm: counts per minute.

Fig. 3: time-course of 3H-palmitic acid esterification to diacylglycerol 
and triacylglycerol by the posterior midgut in the presence or absence 
of lipophorin (Lp). The posterior midguts of adult females were dis-
sected on the 10th day after blood feeding and 3H-palmitic acid was 
added at the luminal side of the organ and incubated in culture me-
dium at 28ºC in the presence or absence of Lp. At different times, the 
posterior midguts were removed from the culture medium, washed, 
homogenised and subjected to a lipid extraction and thin-layer chro-
matography. The lipid spots were scraped and the radioactivity asso-
ciated with each spot was estimated by scintillation counting. Other 
experimental conditions are described in the Materials and Methods 
section. The vertical bars represent the standard error for four deter-
minations. A: diacylglycerol from the midgut in the presence (●) or 
the absence (○) of Lp in the incubation medium; B: triacylglycerol 
from the midgut in the presence (●) or the absence (○) of Lp in the 
incubation medium. cpm: counts per minute.
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into the haemocoel of Rhodnius (Atella et al. 2000). In 
the latter case, 60% of 3H-palmitic acid was associated 
with phospholipids and 40% with NL. These differences 
can possibly be explained by the absence or presence of 
Lp in the experiments. Lp was present after injection 
of 3H-palmitic acid in the haemocoel, whereas Lp was 
absent in the incubation medium when 3H-palmitic acid 
was added at the luminal side of the posterior midgut. 
The removal of DG from the posterior midgut by Lp may 
have changed the distribution of lipids among different 
classes. In our case, the lack of Lp may have favoured 
phospholipid accumulation. Similar results were ob-
served with respect to NL.

The addition of Lp to the incubation medium re-
duced the steady state levels of DG formation and the 
rate of TG accumulation, suggesting that TG is an end 
product and DG is an intermediary product (Fig. 3A, B). 
The major lipid released in the presence of Lp was DG 
and only a small amount of this lipid was detected in 
the medium when Lp was absent (Fig. 4). Phospholipids 
were poorly released, even in the presence of Lp, which 
is consistent with the previous observations of Atella et 
al. (2000). The capacity of the posterior midgut to es-
terify 3H-palmitic acid after feeding reflects the physi-
ological state of this tissue (Fig. 2). Soon after a blood 
meal, when the ingested blood starts to be digested, the 
posterior midgut is able to absorb the FAs to supply the 
lipid demand to other tissues, such as fat bodies and ova-
ries. Coelho et al. (1997) observed that soon after a blood 
meal, the midgut is able to transfer lipids to Lp circulat-
ing in the haemolymph. This transfer is associated with 
a decrease in particle density, indicating that the lipid/
protein ratio of the particles has changed towards lipids.

Regardless of whether FAs were added to the luminal 
or haemolymphatic sides, the major phospholipids syn-

thesised were PE and PC, but PS and PA were also found 
in smaller amounts (Table II). The presence of PC and 
PA in the midgut is interesting because these phospholip-
ids are substrates of phospholipase A2, which ultimately 
generates bioactive lysophospholipids, such as lysophos-
phatidylcholine (LPC) and lysophosphatidic acid.

In R. prolixus, our group has shown that salivary LPC 
is able to manipulate several signalling pathways within 
host cells, such as those related to the inhibition of platelet 
aggregation and nitric oxide production (Golodne et al. 
2003). The overall outcome of such effects is the enhance-
ment of T. cruzi transmission (Mesquita et al. 2008).

Another interesting aspect of our study is that re-
gardless of the pathway for 3H-palmitic acid administra-
tion, the posterior midgut primarily absorbed and pro-
duced phospholipids that were excreted together with the 
luminal contents. It has previously been demonstrated 
that the gut of R. prolixus contains a large amount of 
extracellular membranes called PMMs that are progres-
sively synthesised and released into the lumen (Terra 
1988). Indeed, after injection of 3H-palmitic acid into the 
R. prolixus haemocoel, radioactive phospholipids were 
observed to be associated with purified PMMs (Table 
III). This result demonstrates that the posterior midgut is 
synthesising phospholipids, which are used primarily for 
the production of PMMs. Previous studies have shown 
that after the blood meal, PMMs acts as adhesion sites 
for T. cruzi epimastigotes. These studies suggest that 
glycoproteins from PMMs are important for the adhe-
sion of the parasite to the posterior midgut cells. This 
mechanism appears to be essential for the establishment 
of the parasite in the insect vector (Garcia & Azambuja 
2004, Alves et al. 2007).

TABLE II
3H-phospholipids present in the luminal content following 
injection of 3H-palmitic acid into the haemocoel or lumen

Haemocoel
(%)

Lumen
(%)

PE 53 49
PC 27 30
PS 12 13
PA 8 8

Total 100 100

3H-palmitic acid was injected into the haemocoel or lumen 
of adult females that had been fed with non-radioactive rab-
bit blood 10 days earlier. After different periods of time, the 
luminal content were collected, subjected to lipid extraction 
and analysed by thin-layer chromatography. The phospholipid 
spots were removed and eluted and the radioactivity associated 
with each different phospholipid was measured by scintillation 
counting. PA: phosphatidic acid; PC: phosphatidylcholine; PE: 
phosphatidylethanolamine; PS: phosphatidylserine.

TABLE III
3H-phospholipids present in the purified  

perimicrovillar membranes (PMMs) following  
the injection of 3H-palmitic acid in the luminal content

cpm/midgut (%)

PE 831 ± 29 51
PC 522 ± 46 32
PS 228 ± 22 14
ND 49 ± 4 3

Total 1,630 ± 97 100

the posterior midguts of adult females that had been fed non-
radioactive rabbit blood 10 days earlier were dissected and 3H-
palmitic acid was added into the luminal content and incubat-
ed in the culture medium. One hour later, the luminal content 
was collected and the PMMs were purified in a sucrose gradi-
ent and subjected to a lipid extraction. The phospholipids were 
then analysed by thin-layer chromatography. The spots were 
removed and eluted and the radioactivity associated with each 
spot was measured by scintillation counting. ND: not determi-
nate; PC: phosphatidylcholine; PE: phosphatidylethanolamine; 
PS: phosphatidylserine.
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In insects, the use of micelle lysophospholipids is 
one of the strategies developed to facilitate lipid solubili-
sation during digestion, as insects do not synthesise bile 
salts (Turunen & Kastari 1979, de Veau & Schultz 1992, 
Canavoso et al. 2001). The presence of PC and LPC in 
the midgut of R. prolixus suggests that these molecules 
in this microenvironment can also work as surfactants, 
allowing the bioavailability of dietary lipids.

Future research should be conducted to determine 
the role of bioactive phospholipids in the midgut biology 
of insect vectors. Additionally, more studies are required 
to further understand the role of midgut lipids in T. cruzi 
infection.

In conclusion, this study shows that on the 10th day af-
ter a blood meal, the posterior midgut of R. prolixus used 
the incorporated FAs for the synthesis of different classes 
of lipids: TGs for storage, DG for exportation through Lp 
and phospholipids that were organised into PMMs and 
released together with the insect luminal contents.
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