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The kind of AKH-mobilized energy substrates in insects can be predicted
without a knowledge of the hormone structure
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Abstract. The aim of this study was to show that the kind of AKH-mobilized energy substrates in insects can be predicted on the
basis of the results obtained with the application of heterologous, i.e. inter-species, AKHs. Four different AKHs, the Locmi-AKH-I
inducing hyperlipaemia and hyperglycaemia in Locusta migratoria, Tenmo-HrTH inducing hyperglycaemia in Tenebrio molitor, and
Pyrap-AKH and Peram-CAH-II inducing hyperlipaemia in Pyrrhocoris apterus were used, firstly in conspecific tests, secondly in all
possible species-AKH combinations, and finally in individual applications on the test species, the cotton bug Dysdercus cingulatus.
Since each of the AKHs induced hyperlipaemia in D. cingulatus adults, we predicted that lipids are the only energy substrates which
are mobilized in this species by its native AKH. The accuracy of this prediction was subsequently confirmed by the structural identi-
fication of the native D. cingulatus AKH and conspecific application tests. The proposed methodical approach can serve as a suitable
monitoring system for determination of the kind of energy substrates mobilized by native insect AKHs until the structure of the hor-

mone is identified.

INTRODUCTION

The high energy demand during active flight (Gold-
sworthy, 1983) and walking (Socha et al., 1999; Kodrik
et al., 2000) of insects is met by the oxidation of carbohy-
drates, lipids, the amino acid proline or mixtures thereof
depending on the species (see reviews by Weeda et al.,
1979; Beenakkers et al., 1984; Gdde & Auerswald, 1998).
The mobilization of stored fuels during episodes of flight
or walking is controlled by peptides belonging to the so-
called adipokinetic hormone family (AKH). The neuro-
peptides of the family are usually octa-, nona- or
decapeptides with both termini blocked (and one 1lmer
with nonamidated C-terminus — Kollisch et al., 2000), and
are synthesized and released from the corpora cardiaca
(CC). Besides the mobilization of energetic reserves these
hormones exert additional physiological actions such as
the inhibition of protein synthesis (Carlisle & Loughton,
1979; Cusinato et al., 1991), the inhibition of mRNA syn-
thesis (Kodrik & Goldsworthy, 1995), the modulation of
neuro- or myoactivity (Scarborough et al., 1984; Milde et
al., 1995; Socha et al., 1999), and the inhibition of glyco-
lysis (Becker & Wegener, 1998) and lipid synthesis
(Gokuldas et al., 1988; Ziegler, 1997; Lorenz, 2001).
Moreover, the adipokinetic hormone of Locusta migra-
toria (L.), Locmi-AKH-I, has been shown to increase the
immune response in locusts challenged with laminarin or
bacterial lipopolysaccharide (Goldsworthy et al., 2002a,
2003). There are almost 40 isoforms (bioanalogues) of
AKHs known from various representatives of all the main
insect orders. For a review of the other common structural
features see Gade et al. (1997).

Different strategies have been used to analyze the meta-
bolic functions of AKHs and/or isolate and characterize

their molecular structures. A classical approach starts
from the determination of the biological function of gland
extracts and is followed by isolation and characterization
of the AKH. Convenient heterologous bioassays,
including tests of the crude extracts of CCs from tested
insect species on the acceptor insects such as Locusta
migratoria and/or Periplaneta americana, are commonly
used for monitoring of their biological activities (Géde et
al., 1997). A more recent approach, taking profit of the
chemical methods of analysis, firstly investigates the
molecular structure of the hormone (usually by analogy)
and then determines its function (Lafont, 2000). It is pre-
sumed that many peptide hormones have been conserved
during evolution with function being less conserved than
structure (Ebberink et al., 1989; Satake et al., 1999), a
fact also apparent within vertebrate hormones. Various
tissues may possess receptors for a given hormone and,
therefore, this hormone will elicit different responses.
However, it cannot be excluded that in the case of AKHs,
the type of energy substrates mobilized can also be con-
servative due to evolutionarily pressures on a particular
insect species. If this is correct, the AKHs originating
from different insects can mobilize, in a test species on
which they are applied, only the recipient-specific type of
energy substrates used.

The aim of the present study was to test the hypothesis
that the kind of AKH-mobilized energy substrates in an
insect can be predicted on the basis of the results obtained
with use of heterologous applications of AKHs. Provided
that this approach is successful, then it can be used for
quick screening and monitoring of the AKHs metabolic
activity in insects whose native AKHs have not yet been
identified.
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MATERIAL AND METHODS

Experimental animals

The firebug, Pyrrhocoris apterus, originating from wild popu-
lations collected at Ceské Budgjovice (Czech Republic, 49°N)
(Socha & Sula, 1996), was used in the present study. All stages
from egg to adult were kept in small glass jars with linden seeds
and water ad libitum at a constant temperature of 26 + 1°C and
under long-day conditions (18L : 6D). Ten day old adult
females were used for experiments (see Socha & Kodrik, 1999).

A colony of the migratory locust, Locusta migratoria, was
kept under crowded conditions at a temperature of 30-32°C
with a 12 h photoperiod. The insects were reared on lettuce or
grass, supplemented with bran. After the final moult, males and
females were kept in separate cages. Adults aged about 15 days
after adult eclosion were used in the experiments.

The mealworms, Tenebrio molitor, were purchased from a
local pet shop. The culture was kept at about 25°C with a photo-
cycle of 14L : 10D. Both the larvae and the adults were fed on
oat flakes and bran. Adults aged 5-10 days after eclosion were
used in the experiments.

The stock culture of the cotton bug, Dysdercus cingulatus,
was kept in small glass jars with linden seeds and water ad
libitum at constant temperature of 28 + 1°C and 12 h photope-
riod. Adult females aged 8 days after adult eclosion were used
in the experiments.

Lipid and carbohydrate mobilization assays

The AKHs were dissolved in 20% methanol in Ringer saline
and their biological activity ascertained by the mobilization
assays described previously (Kodrik et al., 2000, 2002), either
based on the sulpho-phosphovanillin test (lipids) (Zollner &
Kirsch, 1962) and/or on the phenol test (carbohydrates) (Mont-
gomery, 1957). For simplicity just two representative doses (10
and 40 pmol) were injected for each tested AKH.

AKH identification

Extraction of the AKH from D. cingulatus CNS. To dissect
undamaged CC and to avoid possible losses of the peptidic
material from the glands, the tissue samples (CNS) consisted of
the brain with CC and corpus allatum (CA) attached. Subse-
quently, the organs were homogenised in 80% methanol by
sonication. The supernatant was then evaporated to dryness and
the residue used either for HPLC or for LC/MS analyses.

HPLC analysis. HPLC analysis was performed on a Merck-
Hitachi D-6000 chromatography system using HPLC System

Manager D-7000 software, at a flow rate of 0.8 ml/min and UV
monitoring at 215 nm. The sample was fractionated on the
Chromolith Performance RP-18e column (Merck) 100 x 4.6 mm
with gradient 25-100% B in 40 min, (A = 0.11% TFA in water,
B = 0.1% TFA in 40% acetonitrile). All fractions were then
taken for the ELISA competitive tests (retention time of the syn-
thetic Pyrap-AKH is 12.27 in this system). The area where AKH
peptides are usually eluted was taken for LC/MS structural
analysis.

ELISA. Determination of AKH presence in D. cingulatus
CNS extract fractionated on HPLC was performed using the
competitive ELISA according to our protocol (Goldsworthy et
al., 2002b). Briefly, rabbit antibodies raised against Cys'-
Pyrap-AKH coupled to keyhole limpet haemocyanin (Sigma
Genosys, Cambridge, UK) was diluted 1 : 10000 and applied on
a 96-well microtitre plate (high binding Costar, Corning Incor-
porated, Corning, NY, USA). Tested samples, together with the
biotinylated probes (BLAM-Cys'-Pyrap-AKH), were than added
to specific wells. After competition for the binding sites on the
IgG bound to the plates, a streptavidin conjugated with horse-
radish peroxidase solution (Vector Laboratories) diluted 1 : 500
in PBS-Tween was added. Finally, OPD (orthophenylenedia-
mine) reagent was used for the visualization. The absorbance
values were determined in a microtitre plate reader at 492 nm.
One row of each plate contained a dilution series of Pyrap-AKH
for the construction of a competition curve: this included one
well with no material competing with the probe to determine the
maximum absorbance (MAX) and one well with an excess of
10 pmol Pyrap-AKH to determine the non-specific absorbance
(NSA). The percentage competition for each sample was calcu-
lated as: 100-100*(absorbance of the sample — NSA)/(MAX-
NSA).

LC/MS. The primary sequence of the AKH-peptide was
deduced from the electrospray MSN spectra obtained by
collision-induced dissociation (CID) of the detected MH" ion
and its product fragment ions by the procedure described else-
where (Kodrik et al., 2000).

Synthetic adipokinetic peptides

The adipokinetic hormone of L. migratoria, code-named
Locmi-AKH-I, was purchased from Novabiochem (Germany).
The other hormones, Pyrap-AKH and Peram-CAH-II from P.
apterus, and Tenmo-HrTh from T. molitor, were custom-

synthesized by PolyPeptide Laboratories s.r.o. (Praha, Czech
Republic).

TaBLE 1. The effect of AKH-peptides on mobilization of lipids and carbohydrates in haemolymph after the injection of intrinsic
AKH. Controls were injected with saline only. Statistically significant differences at the 5% level (experimental vs. control) are
indicated by asterisks. Values in bold and italics = preferable energetic source; numbers in brackets = number of replicates.

Insect species Tested peptide Peptide dose Lipids (mg/ml) Carbohydrates (mg/ml)
P. apterus Pyrap-AKH 10 pmol 10.75 £ 3.08* ®) 0.50 £ 0.86 %)
40 pmol 4.08 £ 3.32% 6) -0.07 £0.25 ®)

Peram-CAH-II 10 pmol 8.98 + 1.99* %) -0.32+1.65 (10)

40 pmol 10.71 £2.50* ®) 0.09+0.15 ®

Control -1.68 £3.12 5) -0.13£0.16 ®)

T. molitor Tenmo-HrTh 10 pmol 0.24+£0.81 Q) 6.07 + 1.42* (10)
40 pmol 0.06 +0.97 (10) 8.32+2.45* (18)

Control -0.07+0.83 ® 0.53+1.42 (10)

L. migratoria Locmi-AKH-I 10 pmol 10.61 +3.46* ®) 2.82+1.63* (10)
40 pmol 14.81 £3.41* ®) 1.53+£1.11%* ®

Control 0.49 +0.38 @) -1.23+£1.12 ®)
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Fig. 1. The effect of AKH-peptides on elevation of haemo-
lymph lipid and carbohydrate levels (n = 8-10) after combina-
tory inter-species injections of AKHs. Controls (n = 5-10) were
injected with saline only. Significant differences at the 5% level
(experimental vs. control) are indicated by asterisks.

Data presentation and statistical analysis

The obtained results were plotted by means of the graphic
program Prism (GraphPad Software, version 4.0, San Diego,
CA, USA). The bar graphs represent the mean of measurements
+ SEM; the line for Fig. 4 was calculated from the two site
binding hyperbola equation. Common Student’s t-test was used
to determine the significance of the results.

RESULTS

Conspecific applications of AKHs

In the first step of our experiments we performed the
conspecific tests including four different AKHs (Locmi-
AKH-I, Tenmo-HrTH, Pyrap-AKH and Peram-CAH-II)
and three insect species (L. migratoria, T. molitor and P.
apterus). The results showed that Locmi-AKH-1 induced
hyperlipaemia and hyperglycemia in L. migratoria,
Tenmo-HrTH induced hypertrehalosemia in T. molitor,
and Pyrap-AKH and Peram-CAH-II induced hyperli-
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Fig. 2. The RP-HPLC elution profile of methanolic extract of
50 brain-CC-CA complexes from D. cingulatus (A) and the
detail of the profile, where AKHs are expected to elute (B).
Activity of all eluted fractions recognised by Cys'-Pyrap-AKH
antibody (C): results are expressed as % of competition of a
natural AKH peptide with the BLAM-Cys'-Pyrap-AKH in com-
petitive ELISA test (for detailed fragmentation scheme see
Kodrik et al., 2000).

paemia in P. apterus (Table 1). Mobilization of lipid
reserves in T. molitor was negligible, as was mobilization
of carbohydrates in P. apterus females. Despite the fact
that injection of Locmi-AKH-1 activated both lipid and
carbohydrate stores in L. migratoria, the hyperlipaemic
effect was much more significant. The results also
showed that AKHs trigger the particular mobilization
pathways leading to activation of energy reserves charac-
teristic of the test species.

Inter-species applications of AKHs

In the next series of experiments we tested the
hypothesis that AKHs originating from different insects
can mobilize only recipient-specific types of energy
stores. We injected the same set of hormones into the
same set of insect species, but in all possible heterologous
hormone-species combinations. The pattern of results
(Fig. 1) was very similar to the previous experiment: the
treated species (recipients) mobilized the same energy
source as they did after injection of their own AKHs: P.
apterus and L. migratoria mobilized lipids and T. molitor
activated carbohydrate stores.

Isolation and characterization of AKH from D.
cingulatus

The above results led us to the conclusion that the
mobilization of an energy source does not depend on the
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Fig. 3. Mass chromatogram of MH* = 1001.4 peptide reconstructed from LC/MS analysis of both fraction No. 13 from Fig. 2 and
brain-CC-CA methanolic extract of the bug D. cingulatus (A); averaged full scan ES mass spectrum of the peak RT = 3.68 min from
A (B); CID MS? spectrum of the native precursor ion MH* = 1001.4 from the bug D. cingulatus (C); CID MS? spectrum of the pre-
cursor ion MH* = 1001.4 from the reference synthetic Pyrap-AKH peptide (D).

type of AKH, but is determined by species-specific bio-
chemical pathways. To verify this hypothesis we decided
to use the bug D. cingulatus, a species for which the
AKH(s) had not yet been characterized. RP-HPLC
analysis of the methanolic brain-CC-CA extract from D.
cingulatus generated a number of UV-absorbing peaks
(Fig. 2A,B) which were tested by ELISA assay (Fig. 2C).
The antibody recognised fraction No. 13, which indicated
the presence of AKH material and moreover an AKH that
is similar to Pyrap-AKH (see Goldsworthy et al., 2002b)
against which the antibody was raised. This active frac-
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Fig. 4. The effect of increasing doses of synthetic Pyrap-AKH
on the elevation of haemolymph lipid level (n = 8-10) in D. cin-
gulatus 8-day old females. Controls (n = 10) were injected with
saline only. Significant differences at the 5% level (experi-
mental vs. control) are indicated by asterisks.
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tion, plus a parallel prepared crude methanolic brain-
CC-CA extract, was subjected to LC/ESI/MSM analyses
(Fig. 3). Both analyses resulted in identification of an
octapeptide with a mass of 1000.4 Da and the structure
pGlu-Leu-Asn-Phe-Thr-Pro-Asn-Trp-NH,. The peptide
exhibited identical chromatographic and spectral proper-
ties to the previously described Pyrap-AKH isolated from
the related pyrrhocorid, P. apterus (Kodrik et al., 2000).
Contrary to two adipokinetic peptides isolated from the
bug P. apterus (Kodrik et al., 2000, 2002), only the
Pyrap-AKH was detected in the CNS of D. cingulatus.
Finding of Pyrap-AKH in the latter bug is not so sur-
prising because both D. cingulatus and P. apterus belong
to the same family Pyrrhocoridae. Injection of synthetic
Pyrap-AKH into D. cingulatus caused a hyperlipaemic
effect — the dose response curve (Fig. 4) revealed the
EDs to be 0.61 pmol.

Confirmation of the predictability hypothesis

The last section of our experiments, aimed at con-
firming the validity of our hypothesis concerning the pre-
dictability of metabolic function of AKH, included
heterologous applications of four AKHSs to D. cingulatus
(Fig. 5). All injected AKHs mobilized lipid stores in this
species, while activation of carbohydrates was either non-
significantly less (Locmi-AKH-1), or negligible (Pyrap-
AKH, Tenmo-HrTh, Peram-CAH-II). The results show
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that activation of lipids is the preferable metabolic
pathway used in this bug.

DISCUSSION

These results and an examination of the literature
revealed that AKHs of the same structure can mobilize
different energy resources in different insect species. For
example, while the Peram-CAH-II is known to mobilize
carbohydrates in the cockroaches P. americana and
Blatta orientalis (Witten et al., 1984; Scarborough et al.,
1984), in the Colorado potato beetle Leptinotarsa decem-
lineata the AKH mobilizes carbohydrates and induces
proline synthesis (Gade & Kellner, 1989), and in P.
apterus it is involved in mobilization of lipids only
(Kodrik et al., 2002). A similar situation can also be
found with Peram-CAH-I. While in P. americana and B.
orientalis it leads to mobilization of carbohydrates
(Witten et al., 1984; Gé&de & Rinehart, 1990), in L.
decemlineata (Weeda, 1981; G&de & Kellner, 1989) and
the cerambycid beetles Ceroplesis thunbergii and Phry-
neta spinator (Gade & Auerswald, 2000) it is involved in
proline synthesis and mobilization of carbohydrates.
Similarly, Manse-AKH mobilizes lipids in the silkmoth,
Bombyx mori (Ishibashi et al., 1992) and butterfly,
Vanessa cardui (Kollisch et al., 2000), carbohydrate in
the noctuid moth, Heliothis zea (Jaffe et al., 1986), and
both lipids and carbohydrates in the tobacco hornworm
moth, Manduca sexta (Ziegler et al., 1985). Schgr-
AKH-II functions as a hyperlipaemic agent, for example
in the pyrgomorphid grasshopper, Phymateus morbillosus
(Géade et al., 1996), but mobilizes carbohydrates in the
armoured ground cricket, Acanthoproctus cervinus
(Géde, 1992). The question whether the usage of different
energy substrates in different insect species with the same
structure of native AKH is coupled with the evolution of
different species-specific types of AKH receptors respon-
sible for various signal transduction events remains to be
answered. It is noteworthy to mention that the use of car-
bohydrates and proline occurs commonly in some beetles
and flies, and that dual usage of proline and carbohydrate
metabolism might be mediated by different receptors, or

by receptor subtypes (Auerswald & Géade, 1999). Dual
use of carbohydrates and lipids seems to be more con-
served because both locust (Beenakkers et al., 1981) and
moths (Ziegler & Schulz, 1986a, b) use carbohydrates
and lipids to power flight activity. It remains to be discov-
ered, if there are also insects using both proline and lipid
metabolic pathways simultaneously. Nevertheless, the use
of proline can be interpreted as an alternative — probably
more specialized — variant of lipid consumption (Géde &
Auerswald, 2003). Provided that the latter view is correct,
then during the evolution of some insect species, the
original dual usage of carbohydrate and lipids was substi-
tuted by dual usage of carbohydrates and proline.

All the data mentioned above, additional to those from
the present study, demonstrate that metabolic responses of
AKHs are characteristic of the recipient species rather
than of the structure of the AKH tested and that the type
of AKH-mobilized energy substrates in a tested insect can
be predicted irrespective of the form of active AKH being
applied. Therefore, the metabolic function in tested spe-
cies cannot be predicted from the metabolic responses
obtained in acceptor insect species to which crude CC
extracts from a test species were applied, i.e. from the
metabolic activities found in Locusta and Periplaneta het-
erologous bioassays. Thus, it seems to be misleading to
speak about hyperlipaemic, hypertrehalosaemic and
hyperprolinaemic factor(s) in crude CC extracts of a test
insect on the basis of the results obtained from the
Locusta and Periplaneta heterologous bioassays.

Recently we have identified two native AKHSs
(Pyrap-AKH and Peram-CAH-II) in the firebug, P.
apterus (Kodrik et al., 2000, 2002), in which they mobi-
lized lipid stores but had no effect on carbohydrates. Pro-
vided that the conclusions of three different AKHs
receptors in L. migratoria (Vroemen et al., 1998) and the
existence of two or more receptors in all insects (Staubli
et al., 2002) are correct, then at least two main types of
AKH receptors involved in the actions of Pyrap-AKH and
Peram-CAH-Il have yet to be identified in P. apterus.
There is a good circumstantial evidence for the existence
of different populations of AKH-receptors in the insect
fat body (Lee & Goldsworthy, 1998).

In summary, the present study revealed the structure
and metabolic function of the native AKH in D. cingu-
latus and showed that the metabolic function of AKH can
be predicted without knowledge of its structure but only
on the basis of results obtained from the heterologous
bioassays. We propose that such an approach can serve as
a quick monitoring system for screening the energy sub-
strates mobilized by native insect AKHs until their struc-
tures are identified.
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