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Hawkmoths use nectar sugar to
reduce oxidative damage from flight
E. Levin,1* G. Lopez-Martinez,2 B. Fane,3 G. Davidowitz1

Nectar-feeding animals have among the highest recorded metabolic rates. High aerobic
performance is linked to oxidative damage in muscles. Antioxidants in nectar are scarce to
nonexistent.We propose that nectarivores use nectar sugar to mitigate the oxidative damage
caused by the muscular demands of flight.We found that sugar-fed moths had lower oxidative
damage to their flight muscle membranes than unfed moths. Using respirometry coupled with
d13C analyses,we showed thatmoths generate antioxidant potential by shunting nectar glucose
to the pentose phosphate pathway (PPP), resulting in a reduction in oxidative damage to the
flightmuscles.We suggest that nectar feeding, the use of PPP, and intense exercise are causally
linked and have allowed the evolution of powerful fliers that feed on nectar.

F
loral nectar is the primary nutrient source
for many taxa, including birds, insects, and
mammals. Nectar is energy rich, consisting
predominantly of water and carbohydrates
(1) with little to no antioxidant components

(2). Foraging for nectar often involves metabol-
ically expensive flight or hovering. Hovering flight
is the most energetically expensive form of loco-
motion known (3), with metabolic rates reach-
ing 170 times higher than at rest (4). To fuel their
flight muscles, nectarivores oxidize energy-rich
molecules, often a combination of fuel types.
Nectar-feeding bats and hummingbirds incor-
porate nectar carbohydrates into the pool of me-
tabolized substrate shortly after a nectar meal
and use both carbohydrates and lipids on their
regular diurnal activity. In contrast, lipids are
the main fuel type on migratory flights (5–7).
Nectarivorous insects oxidize a wider range of
fuel types for flight [glucose, glycogen, trehalose,
proline, phosphoarginine, and lipids (3, 8)]. Hawk-
moths are known to initiate flight using carbohy-
drates and shift to lipid oxidation shortly after (9),
whereas fed moths tend to burn a mixture of car-
bohydrates and fat during long bouts of flight (10).
Intense exercise, as in the extremely high aer-

obic performance of flight muscles in hovering
and flying animals, produces reactive oxygen
species (ROS) that can cause oxidative damage
to the contracting myocytes (11, 12). We tested
the effect of sugar feeding on oxidative damage
in Manduca sexta (Sphingidae), a hawkmoth.
Adults feed exclusively on nectar and hover when
feeding. Sugar-fed moths flew about 70% farther
in 180 min on flight mills than unfed moths
(mean ± SD, fed, 5.8 ± 2.7 km, n = 9; unfed, 3.4 ±
1.1 km, n = 9, t = –2.4, P = 0.0334), suggesting

that they should have higher levels of oxidative
damage. As expected, fed moths did have higher
oxidative damage to muscle protein (8.162 ±
3.2 nmol of protein-carbonyls/mg of protein for
fed moths and 5.512 ± 2.7 for unfed moths; F1,27 =
5.5576; P = 0.0259; Fig. 1A). Increased protein
damage with flight is expected, as damage to
the flight muscle accumulates until the damaged
proteins are replaced or recycled. Although dam-
age to muscle protein might affect the function
of the muscle, it is nonlethal, and in a short-lived
insect, like adult M. sexta, the accumulation of
protein damage may outweigh the high cost of
repair. By contrast, when ROS attack cell mem-
brane fatty acids, a chain reaction of lipid perox-
idation ensues in which one lipid peroxidation
event can initiate hundreds of radical reactions
(13). This leads to a severe reduction in membrane
functions and damage to the cellular lipid bi-
layers, which can result in cell death. In addition
to damage to membrane fatty acids, lipid per-
oxidation chain reactions also lead to the pro-
duction of lipid radicals that, in turn, can attack
other lipids, proteins, and nucleic acids (14). In
contrast to muscle protein, sugar-fed moths had
lower oxidative damage to their muscle cell mem-
branes (0.035 ± 0.01 mg of malondialdehyde/mg
of protein for fed moths and 0.081 ± 0.08 for
unfed moths; F1,25 = 13.154; P = 0.0013; Fig. 1B),
indicating that antioxidant activity reduces the
peroxidation of membranes in the fed moths.
Glutathione in its reduced form (GSH) is a key

antioxidant in protecting cell membranes by re-
ducing oxidative damage. GSH donates electrons
to lipid peroxide, which stops the peroxidation
chain reaction (15, 16). We found significantly
higher ratios of GSH/GSSG in fed moths (1.9765 ±
0.5 mM glutathione disulfide/mg of protein for
fed moths and 1.557 ± 0.5 for unfed moths; F1,29 =
5.146; P = 0.0309; Fig. 1C), indicating that fed
moths are better able to recycle oxidized glutathione
(GSSG) to its reduced active form (GSH) to control
oxidative damage to flight muscle membranes.

GSSG is recycled to GSH by glutathione re-
ductase using reduced nicotinamide adenine di-
nucleotide phosphate (NADPH) as an electron
donor. The main source of NADPH is the pentose
phosphate pathway (PPP). The PPP is an essen-
tial and conserved metabolic pathway in bacteria,
plants, and animals and is involved in the synthe-
sis of nucleic acid precursors (ribose-5-phosphate)
and reducing power in the form of NADPH, two
processes vital for the maintenance of cell func-
tion (17). The PPP is divided into oxidative (ox-
PPP) and nonoxidative (nonox-PPP) branches.
Ox-PPP is an irreversible pathway that produces
ribulose-5-phosphate, NADPH, and CO2 (from car-
bon atom 1 of glucose). Ribulose-5-phosphate is
a major source of metabolic precursors for bio-
synthetic processes such as nucleic acids, whereas
NADPH functions as reducing power for anabolic
process such as fatty acid synthesis, cholesterol
synthesis, and the maintenance of a pool of re-
duced glutathione. Both NADPH and glutathione
are important antioxidants used to reduce cellular
oxidative damage. The nonox-PPP branch is a
reversible pathway that interconverts pentose
phosphate and other sugar phosphates. It con-
tributes to the synthesis of ribose-5-phosphate
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Fig. 1. Oxidative damage and GSH/GSSG ratio
in flight muscles in sugar-fed and starvedmoths.
(A) Levels of protein oxidative damage. (B) Levels of
lipid oxidative damage. (C) Ratios of reduced to
oxidized glutathione (GSH/GSSG) (mean ± SD).
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and redirects excess pentose phosphate toward
glycolysis (17) and the production of the insect
blood sugar trehalose (18), which is important
in enantiostasis (8).
When carbohydrates are the sole source of

metabolic fuel, for every molecule of O2 con-
sumed, one molecule of CO2 is produced. This
yields a respiratory quotient (RQ = VCO2/VO2)
of 1.0. The published RQs of many nectarivores
are greater than 1.0. Over the past 100 years,
high RQ values have been recorded in a variety of
animals, including nectar-feeding bats [RQ values
up to 1.7 (19)], sunbirds, and their convergent
New World hummingbirds [1.3 and 1.4, respec-
tively (20)]. We found that the peak RQ of
sugar-fed M. sexta ranged between 1.11 and
1.74 (n = 10, mean ± SD = 1.38 ± 0.19). Such high
values have been previously interpreted as “lipid
synthesis,” but a mechanism by which lipid syn-
thesis causes a high RQ has never been ade-
quately explained (21–23). Declining body mass
is characteristic of many adult Lepidoptera, even
when fed as adults (24), which suggests that
lipid synthesis is not significant in these insects.
To the best of our knowledge, under aerobic
conditions, these high RQ values can only be
explained by the use of the PPP and the release
of CO2 from glucose carbon atom 1 (C1) in this
metabolic pathway. We suggest that the reduc-
tion potential of the PPP can also be used to build
endogenous antioxidant potential.
We coupled real-time respirometry with real-

time d13C analysis to determine fuel oxidation
strategies (25) of fed and unfed moths at rest
and during activity. Moths (n = 12) were fed nec-
tar containing either 13C1- or

13C2-labeled glucose
(1.0 mg/ml), then placed in a metabolic chamber

at rest. It is more energetically efficient to oxi-
dize ingested sugar directly than to first convert
it to lipids, as has been shown for nectarivorous
bats and hummingbirds (5). d13C in the breath
of the fed moth started to rise immediately after
feeding, reaching a steady-state RQ within 30 to
60 min. When moths were disturbed from rest
by shaking the chamber, they activated their
flight muscles in a preflight warm-up (4), causing
an immediate drop in RQ (Fig. 2). These changes
in RQ might also reflect different metabolisms in
different organs. For example, when moths are
at rest and fed, the fat body and digestive sys-
tem are active. By contrast, when moths are flying,
flight muscles are the primary active organ. Dur-
ing postfeeding rest, more C1 is exhaled as CO2

than for the other five glucose carbons (C2-6).
This would occur if C1 were selectively released as
CO2 in the PPP (decarboxylation of 6P-gluconate,
fig. S1). This additional CO2 results in an RQ >> 1.
When the muscles were activated in the preflight
warm-up (black arrows in Fig. 2), the d13C1 de-
creased (Fig. 2A), suggesting that the 13C1 in the
exhaled CO2 is in equal proportion with the other
five glucose carbons released as CO2 in muscle
mitochondria (Fig. 2A). When the moth is back
at rest (red arrows in Fig. 2), RQ increases again
as a result of a reduction in the use of glycolysis
and the tricarboxylic acid cycle and an increase
in the PPP activity by the moth. With 13C2 (second
glucose carbon labeled), RQ dropped after muscle
activity because of an increase in muscle metab-
olism as described above, but d13C2 increased (Fig.
2B). The d13C2 increase reflects the decrease in the
proportion of nonlabeled C1 exhaled as CO2 from
PPP activity and an increase in all of the other five
carbons (including 13C2) released in the mitochon-
dria. Together, these results support our hypoth-
esis that the “extra” CO2 that causes an RQ >> 1
originates from glucose carbon atom 1, as only C1
from glucose leaves through the PPP as CO2 (fig. S1).
It has been argued that endogenous antiox-

idant defense is costly for animals to produce
(26). This has led to the suggestion that migrating
birds must consume exogenous antioxidants (e.g.,
anthocyanins and carotenoids) in their food, such
as berries, to meet this need (26, 27). However, it
is known that insectivorous songbirds also con-
sume sugary fruits and flower nectar during stops
along the migratory route (28). Long-distance
(>1000 km) migrating Lepidoptera, such as the
monarch butterfly, as well as migrating hum-
mingbirds, refuel only with carbohydrates (29).
During these refueling stops, shunting nectar
glucose through the PPP may provide these ani-
mals with the endogenous antioxidant potential
needed during the intense exercise of migration.
The energetic cost of antioxidant generation by
the PPP is low, as adenosine 5′-triphosphate is
not required for any of its enzymatic reactions.
The two branches of the PPP also make it adap-
table to the organism’s needs; when in need of
immediate energy, three ribulose-5P molecules
arising from the oxidative branch of the PPP can
be redirected into glycolysis by converting them
into two molecules of fructose-6P and one mol-
ecule of glyceraldehyde-3P, and still produce

antioxidant potential in the form of NADPH (18).
We propose that in flying animals, consuming
carbohydrate-rich diets and the use of the PPP
during rest are causally linked with the ability to
reduce oxidative damage caused by bouts of in-
tense exercise. We suggest that this causal linkage
has enabled the evolution of physiological traits
that can sustain nectarivores’metabolically demand-
ingmodes of locomotion such ashovering and long-
distance migration while feeding only on nectar.
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Fig. 2. Change in RQ and d13C over time.
(A) Change in RQ and d13C for C1-labeled glucose-
fed moth. (B) Change in RQ and d13C for C2-labeled
glucose-fedmoth.Blackarrows indicatewhenthemoth
wasdisturbedandmuscleactivity started.Redarrows
indicate whenmovement andmuscle activity stop.
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Materials and Methods 
Moths 

Manduca sexta used in this study were obtained from a colony maintained by the 

Davidowitz lab at the University of Arizona. Larvae were reared under a 16:8 light:dark photo-

cycle in an environmentally controlled room set at 27°C and 50% RH. Larvae were fed ad 

libitum with standard artificial diet (30) until pupation. Pupae were segregated by sex and held in 

a rearing room under ambient conditions similar to those of the larvae. For the flight experiment, 

18 male pupae were randomly selected from the colony and divided into two groups of nine each 

(fed and unfed) and placed individually into brown wax paper bags until eclosion. All males 

were weighed and harnessed for flight on the day they emerged and the fed group where fed 250 

µl of 25% sugar water (see below). The harnesses (0.128g±0.006 SD) where made of a 3.18 mm2 

hollow aluminum cube (K-S Engineering, Chicago, IL Stock # 3011) attached with a piece of 

entomological pin to a 10 mm plastic subminiature roller chain (part number A 6M 7-12; Stock 

Drive Products/Sterling Instrument, New Hyde Park, NY, USA). After removing scales from a 

small patch of the thoracic dorsum, the harness was glued with a drop of Loctite® super glue gel 

(Henkel Corporation, Westlake, OH, USA). A small alligator clip on the flight mill arm (see 

below) was used to connect the free end of the plastic chain to the flight mill. Hawkmoths readily 

hover, a mode of locomotion that is much more energetically expensive than forward flight (3). 

Hovering flight on a flight mill registers as zero flight. Although this harness allowed the moths 

to generate only a limited amount of lift, it was a compromise to ensure forward flight and thus 

accurate comparisons of distance flown between fed and unfed moths.  

 

Flight mill 

The horizontal arm of the mill was made of 3.97 mm aluminum tubing (K-S Engineering, 

Chicago, IL) with a centered pivot rod of 2.37 mm high-speed drill bit stock (McMaster-Carr, 

3009A256). The radius of the arm was r = 31.85 cm so that each revolution was equal to 2 m. 

The central pivot was held vertical by two mini, high-precision, double-shielded, flanged 

stainless steel ball bearings (McMaster-Carr, 57155K28) at both ends of a 2.5 cm brass tube. The 

ends of the tube were cut on a lathe to ensure parallel alignment of the ball bearings. The brass 

tube was held vertical with a chemistry stand and three-pronged clamp. An infrared transmitter-

receiver (Monarch Instrument DC1250-U01) mounted under the mill arm registered every half 



rotation of the mill (= 1 m). The flight mill was placed on a low lab bench with the walls and 

bench top covered in black matte paper. White paper strips were affixed to the sides and floor to 

allow the moth to register forward flight.  

All moths in this experiment were harnessed to the flight mill for 90 minutes on each of the 

second and third days after eclosion (180 minutes total). All flight took place during the first six 

hours of the scotophase. The fed group was fed immediately after each flight. Between flights, 

moths were kept in individual waxed paper bags to minimize additional exercise.  

 

δ13C, CO2, O2 analyses 

Real-time RQ and δ13C in the moth’s breath were measured simultaneously in a 

combined flow-through respirometry and stable carbon isotopes system. Moths were fed with 

200 µl of 25% sucrose solution (beet sugar δ13C ≈ -26.5), enriched with 1 mg per 1 ml of 99% 
13C glucose (Cambridge Isotope Laboratories, Inc.). We used glucose labeled on either carbon 

no. 1 (13C1) or carbon no. 2 (13C2). These two carbons normally pass through glycolysis, and 

oxidize in the mitochondria as Ac-CoA. When glucose is shunted through the PPP, carbon no. 1 

is removed at the ox-PPP branch and leaves as CO2 in the breath. 

The sucrose solution was placed on a piece of ParafilmTM (Pechiney Plastic Packaging 

Company, USA) in four droplets of 50µl each. Using a long hooked needle, the moth’s proboscis 

was uncurled and the tip placed in the droplet following which the moth imbibed the nectar. Fed 

moths were placed immediately after feeding into a 200 ml sealed plastic chamber in a 

temperature controlled room at 27°C. Bottled dry, CO2 free air was passed through the chamber 

at a flow rate of 150 ml/min using a mass flow controller (Alicat, Tucson, AZ, USA). A 

subsample of 30 ml/min was pulled from an excurrent manifold directly into a G2121-i Cavity 

Ring-Down Spectroscopy (CRDS) stable carbon isotope analyzer (Picarro, Santa Clara, CA, 

USA). A second subsample was pumped from the manifold through a BL-2 baseline unit (Sable 

Systems, North Las Vegas, NV, USA) using a SS3 subsampling unit (Sable Systems, North Las 

Vegas, NV, USA) at a rate of 40 ml/min through a Licor 7000 CO2 / H2O dual cell, differential 

gas analyzer (Licor Instruments, Lincoln, Neb., USA) and then through a column of Mg(ClO4) 

(water absorbant) into an Oxzilla II (Sable Systems, North Las Vegas, NV, USA) differential 

oxygen analyzer. A second subsample of 40 ml/min from the CO2 free air was used as a 

reference for the oxygen analysis. The second port of the BL-2 baseline unit was connected to a 

http://www.picarro.com/technology/cavity_ring_down_spectroscopy
http://www.picarro.com/technology/cavity_ring_down_spectroscopy


manifold with a flow of 500 ml/min CO2 free air. By switching manually from the chamber to 

the baseline position, 40ml/min of air flowed through the CO2 and O2 analyzers for baseline 

calibration of the system. 

 

Data from the CRDS was recorded at 0.5Hz using Picarro software. Data from the CO2 and O2 

analyzers were collected at 1Hz using a UI-2 unit (Sable Systems, North Las Vegas, NV, USA) 

and a PC computer with Expedata software (Sable Systems, North Las Vegas, NV, USA). Data 

were manually corrected for lag using Expedata software and exported to an Excel sheet. Both 

data from the CRDS and respirometry were aligned in excel using the CO2 values from both 

sources as reference (and as quality control to verify they were identical). The analyzers were 

calibrated and their accuracy verified using calibration gas (Scott Specialty Gases. Inc. Huston, 

TX USA). Additionally, we used fed and active bumblebees (Bombus impatiens) from a captive 

colony and wild carpenter bees (Xylocopa varipuncta or X. californica) as controls to verify 

proper functioning of the equipment. Bees generally metabolize only carbohydrates and have an 

RQ=1.0 (31). All bees measured in this study had an RQ=1.0.  

 

Oxidative damage analysis 

For oxidative stress analysis, 30 male pupae were randomly selected from the colony and 

divided into two groups of 15 each (fed and unfed). Each pupa was placed individually in 

30X30X30 cm cage (Bugdorm, BioQuip) until adult eclosion. After eclosion, the fed group was 

fed daily at 10:00 am with 250 µl of 25% cane sugar in water. The unfed group was offered 250 

µl of water (though they never drank more than 150 µl). On days two and three after eclosion, a 

virgin female was placed in each cage for the males to mate with. Males and females could fly 

and hover freely in the cages, and mating requires hovering and maneuvering by the male (32) so 

that there is much flight muscle activity associated with mating. The morning after, females were 

killed in -20°C and dissected for spermatophore presence to confirm mating. On day five post-

eclosion, males were killed in liquid nitrogen and kept at -80°C. The male moths were shipped 

overnight on dry ice to G. L. M. at New Mexico State University, Las Cruces, NM, USA for 

analysis of lipid and protein damage and GSH/GSSG. 

 Prior to biochemical analysis, the flight muscles of treated moths were dissected and 

separated into equal parts for the oxidative damage and glutathione assays. Oxidative damage to 



proteins was quantified using a modified version of the protein carbonyl assays (33) that was 

adapted to work on insects (34). This assay allowed for the quantification of oxidative damage to 

protein (carbonyls) compared to total protein content in the moths. Lipid peroxidation, oxidative 

damage to lipids, was measured using the TBARS assay (35)) that was modified for insects (34). 

To quantify the ratio of glutathione (GSH) to glutathione disulfide (GSSG), we used a 

commercially available kit (Cayman Chemical, Ann Arbor, Michigan, USA). Following 

homogenization, total protein was quantified from all samples and all oxidative analysis results 

were standardized by total protein of each sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Figure S1: The origin of exhaled and labeled CO2 from different metabolic pathways of 

glucose (partly modified from (18)). Circles and numbers represent specific carbons. Color 

(red/blue) are for specific labeling of carbons (13C). Abbreviations: G6P- Glucose 6 Phosphate, 

PYR- Pyruvate, Ac-CoA- Acetyl Coenzyme A, G3P- Glyceraldehyde-3-Phosphate, R5P-

 Ribulose-5-Phosphate, F6P- Fructose-6-Phosphate.  
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By Carlos Martinez del Rio

and Michael E. Dillon

D
uring the first half of Earth’s history, 

oxygen supplies were scant. Photosyn-

thesis probably evolved soon after the 

appearance of life, but it was not until 

2.4 to 2.1 billion years ago that pho-

tosynthetic organisms invented the 

ability to use water as an electron donor and 

began to produce molecular oxygen (O
2
) as a 

waste product. The production of O
2
 and its 

accumulation in the atmosphere facilitated 

the evolution of complex multicellular organ-

isms; there are no exclusively anaerobic mul-

ticellular organisms. But although much of 

life depends on it, O
2
 is dangerous to handle: 

Using O
2
 in metabolism produces reactive 

oxygen species (ROS) that cause oxidative 

damage. On page 733 of this issue, Levin et 

al. (1) show how a group of relatively recently 

evolved animals—pollinators with high meta-

bolic rates—use an ancient pathway to defeat 

oxidative stress.

The select group of athletes that pollinate 

flowering plants with long tubular flowers 

includes hummingbirds, nectar-feeding 

bats, and hawkmoths. The latter are the 

subjects of Levin et al.’s study. To extract 

nectar from flowers, these animals must 

hover briefly in front of a blossom, extract 

a minute amount of nectar by probing deep 

into the flower, and then dart to the next 

one. Feeding on the wing demands not only 

a long snout, bill, or proboscis, but also 

muscles capable of high-power generation 

fueled by a high metabolic rate. Although 

necessary for energetically demanding ac-

tivities, rapid turnover of O
2
 increases pro-

duction of ROS (2). How do these animals 

cope with these damaging molecules? Levin 

et al. suggest that they do it with a combina-

tion of a sugary diet and the pentose phos-

phate pathway (PPP).

The PPP is an ancient pathway that is 

found in the vast majority of eukaryotes and 

bacteria but may be absent in Archaea (3). 

Its primary biochemical function is the syn-

thesis of the sugar phosphate precursors of 

amino acids and nucleic acids from glucose. 

This function is accompanied by the pro-

duction of large amounts of NADPH (nico-

tinamide adenine dinucleotide phosphate).

NADPH is a critical electron donor in-

volved in protecting against ROS. It is es-

sential for reducing glutathione disulfide 

(GSSG) into the tripeptide glutathione 

(GSH). GSH in turn helps to dispose of hy-

drogen peroxide and to reduce hydroperox-

ide groups on membrane lipids damaged by 

ROS. The ratio of GSH to GSSG is a good 

measure of oxidative stress; higher GSH/
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GSSG ratios are associated with greater ca-

pacity to cope with oxidative stress (4).

PPP is a superb source of the reducing 

power needed for antioxidation because it 

requires relatively little energy. The synthe-

sis of NADPH through PPP requires a single 

ATP to produce glucose 6-phosphate. Its by-

products can be redirected into glycolysis if 

they are not used in biosynthesis.

Levin et al. based their conjecture of the 

involvement of PPP in oxidative damage 

protection in hawkmoths on a curious ob-

servation. When animals are catabolizing 

carbohydrates, such as the sugars in nectar, 

their respiratory quotient (RQ, the ratio of 

CO
2
 production to O

2
 consumption) should 

be 1. Yet in many nectar-feeding animals, 

the value is often much higher. The com-

mon explanation for this observation is 

that the animals are not only catabolizing 

carbohydrates but also synthesizing lipids. 

However, there is an alternative—or, rather, 

complementary—explanation: The oxida-

tive phase of the PPP decarboxylates carbon 

1 of glucose 6-phosphate and generates CO
2
, 

thus increasing the rate of CO
2
 production 

without altering O
2
 consumption. 

To determine whether the latter explana-

tion is correct, Levin et al. fed hawkmoths 

(Manduca sexta) a sugar solution contain-

ing glucose in which carbon 1 was enriched 

in the isotope 13C. They then measured both 

RQ and the isotopic composition of ex-

haled CO
2
. Fed moths at rest had high RQ 

values and produced highly 13C-enriched 

CO
2
. Active moths had lower RQ values and 

produced CO
2
 that was less 13C enriched. 

Because the PPP selectively converts carbon 

1 into CO
2
, these observations support the 

hypothesis that high RQ is due to the PPP. 

Levin et al. also found that after exercise, 

fed moths had higher GSH/GSSG ratios and 

lower levels of protein and lipid oxidative 

damage than unfed moths. These observa-

tions are consistent with increased anti-

oxidant activity fueled by NADPH from the 

PPP (see the figure).

The sweet oxidative relief experienced by 

hawkmoths might be a characteristic shared 

with other animals. During migratory flights, 

animals experience prolonged bouts of stren-

uous activity, elevating oxidative stress. At 

stopover sites, they feed on sugary fruits and 

nectar to replenish fat stores and often simul-

taneously consume dietary antioxidants (5). 

They also likely use assimilated sugars (food 

sugars transported into the blood for use/

storage) to repair oxidative damage. Because 

the biosynthesis of lipids requires NADPH, 

the PPP likely performs a dual function in 

these migrants at stopover sites. Human ath-

letes who feed on carbohydrates during ex-

ercise have increased performance, although 

the underlying mechanisms remain unclear 

(6). One of these mechanisms may be one 

that they share with hovering pollinators: re-

liance on reducing power provided by dietary 

sugar and the PPP.        j
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Nectar glucose
NADPH recycles GSSG 

to GSH, an antioxidant 

that helps to ameliorate 

oxidative damage. 

In the fed, resting moth, 

the PPP generates CO2.

Oxidative metabolism 

caused by intense 

exercise 

PPP

CO
2

GSSG

GSH

Oxidative relief

NADPH

Oxidative damage

A hawkmoth (Manduca sexta) hovers 

while using its long proboscis to reach 

the nectar in a Datura flower. 

How hawkmoths avoid oxidative damage
The high rates of oxygen production of hovering animals generate ROS that cause oxidative damage.

Hawkmoths avoid the buildup of ROS by using the ancient pentose phosphate pathway (PPP).
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