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Food restriction decreases BMR, body
and organ mass, and cellular energetics,
in the Chinese Bulbul (Pycnonotus sinensis)
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Abstract

Background: Food is an important environmental factor that affects animals’energy metabolism and food shortage
has significant effects on animals behavior, physiology and biochemistry. However, to date few studies have focused
on the thermogenesis and its effects on the body condition of birds. In this study, we examined the effects of food
restriction on the body mass, basal metabolic rate (BMR) and body composition, and several physiological, biochemi-
cal and molecular markers potentially related to thermogenesis, in the Chinese Bulbul (Pycnonotus sinensis).

Methods: Birds in the control group were provided with food ad libitum whereas those in the food restriction group
were provided with one-half of the usual quantity of food for 12 days. Oxygen consumption was measured using an
open-circuit respirometry system. Mitochondrial state 4 respiration and cytochrome c oxidase (COX) activity in the
liver and pectoral muscle were measured with a Clark electrode. Avian uncoupling protein (avUCP) mRNA expression
was determined in pectorals muscle with quantitative Real-time PCR.

Results: Chinese Bulbuls in food restriction group decreased in body mass, BMR and internal organ (heart, kidneys,
small intestine and total digestive tract) mass compared with the control group over the 12-day period of food
restriction. Bulbuls in the food restriction group also had lower levels of state-4 respiration, COX activity in the liver
and muscle, and mitochondrial avlCP gene expression in muscle compared to the control group. BMR was positively
correlated with body mass, state 4 respiration in the liver and COX activity in the muscle.

Conclusions: Our data indicate that Chinese Bulbuls not only sustain food shortage through simple passive mecha-
nisms, such as reducing body and organ mass and energy expenditure, but also by reducing energetic metabolism in
the liver and muscle.

Keywords: Avian uncoupling protein, Basal metabolic rate, Cytochrome c oxidase, Food restriction, Pycnonotus
sinensis, State-4 respiration

Background
Phenotypic flexibility allows individual organisms to

shifting environmental regimes (e.g., winter cold or food
shortage), or behavioral decisions (e.g., to reproduce or

match phenotypes to environmental or ecological
demands (Piersma and Drent 2003; Nussey et al. 2005;
Swanson et al. 2014). Flexibility of physiological pheno-
types within individuals can be expected when environ-
mental demands vary over time as a result of ontogeny,
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migrate) (Diamond and Hammond 1992). Food is an
important factor affecting animals’ energy metabolism;
food resource and quality, as well as animals’ assimilative
capacity, have a major effect on metabolic rate (Brzek and
Konarzewski 2001; Killpack and Karasov 2012).

The life history of many animals includes extended
periods of food scarcity (Hiebert 1991; Foster 1997). In
birds, different strategies for coping with food shortage
have been described, including torpor (Ruf and Geiser
2014), food hoarding (Garamszegi and Eens 2004), and

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40657-018-0131-8&domain=pdf

Zhang et al. Avian Res (2018) 9:39

seasonal migration (Pierce and McWilliams 2004). Win-
ter acclimatization and seasonal migration in small birds
living in cold climates produce a phenotype character-
ized by up-regulation of metabolic rate to meet enhanced
thermoregulatory demands (Swanson 2010). Decreased
food availability, shortened day length for foraging, and
increased energy demands due to decreased ambient
temperature, indicate that winter is an energetically chal-
lenging time for homoeothermic animals (Doucette and
Geiser 2008; Liknes and Swanson 2011; Swanson et al.
2014). Although residency and migration are different
life-history strategies, they are unified by the common
physiological necessity for elevated aerobic capacity and
endurance in response to elevated energy expenditure
during certain periods of the annual cycle (Dawson et al.
1983; Swanson 2010). It has been demonstrated that a
bird’s body mass and composition (Kelly and Weathers
2002), energy balance (Liang et al. 2015), basal metabolic
rate (BMR) (AL-Mansour 2004; McKechnie and Wolf
2004; Gutiérrez et al. 2011), and reproduction (Perrins
1965; Robb et al. 2008) are all affected by food restric-
tion. Such changes include changes in both physiology
and metabolism (Marjoniemi 2000). In laboratory ani-
mals, food and calorie restriction have been found to
have many beneficial effects (Harper et al. 2006). How-
ever, such beneficial effects are at least partially lost when
studying wild, or wild-derived, animals. Very few stud-
ies have focused on calorie restriction in birds (Ottinger
et al. 2005). For example, adaptive and active decreases
in energy expenditure in response to food shortage can
be pronounced; for example some trochilifromes and
galliformes can reduce their metabolic rate by 30-40%
in thermoneutral conditions, eventually entering torpor
(Hainsworth et al. 1977; Prinzinger and Siedle 1988).
Liang et al. (2015) found when food is limited, birds con-
sume energy reserves, reducing body mass, body fat and
organ mass in order to maintain essential metabolic func-
tions. They also reduce energy consumption by reducing
their basal metabolic thermogenesis. Birds also use food
as a cue for the onset of breeding and food availability can
constrain females’ ability to produce eggs (Perrins 1965;
Boutin 1990). In addition, food restriction may attenu-
ate mitochondrial bioenergetics and oxidative stress in
the striped hamster (Cricetulus barabensis) (Zhang et al.
2016). Therefore, substantial efforts have been made to
examine the effects of food restriction on animal survival,
adaptation, and reproductive success (Prinzinger and Sie-
dle 1988; Robb et al. 2008).

BMR (basal metabolic rate) in small birds is an exam-
ple of a flexible trait that can be seasonally modulated
through adjustments at several levels of organization
(McKechnie 2008; Swanson 2010). At the organ level,
changes in the mass of metabolically active organs can
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influence BMR (Daan et al. 1990; Williams and Tieleman
2000; Liu and Li 2006; Zheng et al. 2008a, 2014a). Internal
organs (i.e., the liver, kidney, heart, and digestive tract)
represent less than 10% of body mass, but contribute
more than 60% of energy expenditure (Clapham 2012).
At the biochemical level, variation in cellular catabolic
enzyme activities and/or capacity for metabolic substrate
transport in the liver and muscle is often measured by
examining variation in state-4 respiration (reflecting oxi-
dative phosphorylation capacity), the activity of citrate
synthase (CS; a key regulatory enzyme of the Krebs cycle)
or cytochrome ¢ oxidase (COX; a key regulatory enzyme
of oxidative phosphorylation) (Vézina and Williams
2005; Swanson 2010). In addition to these morphologi-
cal and physiological adjustments, molecular regulation
might also contribute to variation in thermogenesis in
birds (Bicudo et al. 2001; Dridi et al. 2004). Uncoupling
proteins (UCPs), located in the inner membrane of mito-
chondria, have the potential to dissipate free energy as
heat by uncoupling oxidative phosphorylation (Ricquier
and Bouillaud 2000). UCP1, the first uncoupling protein,
is expressed exclusively in brown adipose tissue (BAT),
which is critical for protection against the cold in rodents
(Cannon and Nedergaard 2004), and has been implicated
in regulating both thermogenesis and energy balance
(Ricquier and Bouillaud 2000). In recent years, uncou-
pling protein gene homologues have been cloned and
sequenced from chicken skeletal muscle, avian uncou-
pling protein (avUCP) (Raimbault et al. 2001; Rey et al.
2010; Teulier et al. 2010) and hummingbird (HmUCP)
(Vianna et al. 2001), and are thought to play a key role
in facultative thermogenesis in birds in response to cold,
mainly through non-shivering thermogenesis (NST).
However, recent evidence suggests that the primary role
of avUCP is regulating oxidative balance rather than
thermoregulation (Talbot et al. 2004; Mozo et al. 2005;
Teulier et al. 2010).

The Chinese Bulbul (Pycnonotus sinensis) is a small
passerine with a wide geographical range that includes
vast areas of central, southern, and eastern China, as
well as other parts of eastern and southern Asia, includ-
ing regions with cold winters (MacKinnon and Phil-
lipps 2000). It is common in Zhejiang Province and
has recently spread to central China. Within its natural
range, the Chinese Bulbul prefers scrub lands, bam-
boo and coniferous forest, but also lives around villages
on deforested plains and hills (Zheng and Zhang 2002).
The Chinese Bulbul is omnivorous, feeding mainly on
arthropods (e.g., insects and spiders) and mollusks (e.g.,
snails and slugs) in spring and summer and plant foods
(e.g., buds, fruits and seeds) in autumn and winter (Peng
et al. 2008). Elevated winter BMR in bulbuls is associated
with elevated nutritional and exercise organ mass and
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heightened respiratory enzyme activity in the liver and
muscle (Zhang et al. 2008; Zheng et al. 2008a, b, 2010).
Decreased BMR in bulbuls is associated with decreased
nutritional and exercise organ mass during periods of
food shortage (Liang et al. 2015). With global warm-
ing, Chinese Bulbuls have recently spread to northern
China—a region with less food in winter, but a similar
average temperature to the pre-global warming tempera-
ture in southern China (Zheng et al. 2010). Bulbuls are
non-migratory and must therefore have greater capacity
to adjust their energetic expenditure and thermogenesis
in response to seasonal changes in temperature and food
availability than migratory birds. It is therefore of interest
to examine the features underlying this flexibility.

In this study, we used an integrative approach to
measure changes in thermogenic properties of Chinese
Bulbuls during food restriction at different levels of bio-
logical organization from the physiological to molecu-
lar, including BMR, nutritional and exercise organ mass,
mitochondrial state-4 respiration and COX activity in the
liver and muscle, and avUCP mRNA expression in mus-
cle. More specifically, we test the hypothesis that bulbuls
adjust to food restriction by decreasing their body mass
and the mass of various internal organs, and by reducing
their BMR, state-4 respiration, COX activity and avUCP
mRNA content.

Materials and methods

Bird capture and acclimation

This study was carried out in Wenzhou City, Zhejiang
Province (27°29'N, 120°51E, 14 m in elevation), China.
The climate is warm-temperate with an average annual
rainfall of 1500 mm spread across all months with slightly
more precipitation during spring and summer. Mean
daily temperatures range from 28-39 °C in July to 3-8 °C
in January (Zheng et al. 2008b, 2014a).

Adult Chinese Bulbuls were captured by mist nets
in Wenzhou City in October 2012, then transported
to the laboratory and maintained in individual enclo-
sures (60 cm x 60 cm x 30 cm) at 25+1 °C on a 12:12-h
light—dark photoperiod with lights on at 06:00 a.m. Food
(commercial bulbul pellets: 20% crude protein, 6% crude
fat, 4% crude fiber, 1% calcium; Xietong Bioengineer-
ing, Jiangsu, China) and water were supplied ad libitum
(Zheng et al. 2013a). Chinese Bulbuls showed significant
seasonal variation in body mass; birds were 21% heavier
in winter than summer (Zheng et al. 2014a). Birds were
kept under these conditions for 2 weeks, then randomly
assigned to one of two groups; a control group (n=12),
which had access to food ad libitum, and a food restric-
tion group (FR) (n=10), which was provided with one-
half of the usual quantity of food for 12 days (Karasov
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et al. 2004). All experimental procedures were approved
by the Wenzhou City Animal Care and Use Committee.

Measures of metabolic rate

Oxygen consumption was measured using an open—
circuit respirometry system (S—-3A/I, AEI technolo-
gies, Pittsburgh, PA, USA) (Zheng et al. 2014a; Wu
et al. 2015). The metabolic chambers were 1.5 L in vol-
ume and contained a perch for birds to stand on (Smit
and McKechnie 2010). Individual birds were allowed to
rest in a metabolic chamber which was housed in a tem-
perature—controlled cabinet capable of regulating tem-
perature to 0.5 °C (Artificial Climatic Engine BIC-300,
Shanghai, China). Air was scrubbed of H,O and CO, by
passing it through a silica gel/soda lime/silica column,
before and after passing through the metabolic cham-
ber. The fractional concentrations of oxygen in excurrent
gas were measured from the metabolic chamber with an
oxygen sensor (AEI Technologies N-22 M, USA). The
pump was located downstream of the metabolic cham-
ber and air was pulled through the chamber at 300 mL/
min by the pump during metabolic rate measurements.
This maintained a fractional concentration of O, in the
respirometry chamber of about 20%, calibrated to +1%
accuracy with a general purpose thermal mass flow-
meter (TSI 4100 Series, USA) (McNab 2006). Oxygen
consumption rates were measured at 25+0.5 °C, which
is within the thermal neutral zone of the Chinese Bulbul
(Zheng et al. 2008b, 2014a). Baseline O, concentrations
were obtained before and after each test (Li et al. 2010;
Wu et al. 2015). All gas exchange measurements were
obtained during the rest-phase of birds’ circadian cycles
(between 20:00 and 04:00) in dark chambers. Food was
removed 4 h before each test to create post-absorptive
conditions. Measurement of oxygen consumption com-
menced when birds were observed perching calmly in the
chamber and continued for 1 h. Each animal was gener-
ally in the metabolic chamber for at least 2 h. From these
data, we calculated 5 min running means of steady-state
oxygen consumption over the entire test period using
equation 2 of Hill (1972) and considered the lowest 5 min
mean oxygen consumption recorded over the test period
as the resting metabolic rate (Wu et al. 2015). Metabolic
rates were expressed as mL O,/h and corrected to STPD
conditions. Body mass was measured to the nearest 0.1 g
before and after experiments; mean body mass was used
in calculations.

Measurement of organ mass and fat content

Birds were killed by decapitation after metabolic meas-
urements were completed and their pectoral muscle,
brain, heart, lungs, liver, kidneys, gizzard, small intes-
tine, and rectum removed and weighed to+0.1 mg.
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Sub-samples of liver and muscle were used for prepara-
tion of mitochondria (Zheng et al. 2008a, 2014b). Inter-
nal organs, including the remaining portions of the liver
and muscle, were dried to a constant mass over 2 d
at 65 °C and weighed to £0.1 mg (Williams and Tiele-
man 2000; Zhang et al. 2008). The remainder of the car-
cass was then weighed to determine its wet mass, then
dried in an oven at 65 °C to a constant mass and then
reweighed (to£0.1 mg) to determine its dry mass (Liu
and Li 2006; Zheng et al. 2008a). Total fat was extracted
from the dried carcasses by ether extraction in a Soxtec
2050 Soxhlet apparatus (FOSS Instrument, Germany).
Body and liver fat content was calculated according to
Dawson et al. (1983) and Wu et al. (2014) as follows:

Body fat content (% )

= (total fat of carcass/wet carcass mass) x 100%
Liver fat content (% )

= (total fat of liver /wet liver mass) x 100%

Preparation of mitochondria

Liver and pectoral muscle sub-samples were cleaned
of any adhering tissue, blotted dry, and weighed before
being placed in ice-cold sucrose-buffered medium. Both
liver and pectoral muscle samples were then coarsely
chopped with scissors, after which liver samples were
rinsed and resuspended in 5 vol of ice-cold medium
(250 mmol/L sucrose, 5 mmol/L Tris/HCI, 1 mmol/L
MgCl, and 0.5 mmol/L EDTA, pH 7.4, 4 °C) (Rasmussen
et al. 2004). Pectoral muscle samples were treated with
proteinase for 5-10 min, then resuspended in 10 vol of
ice-cold medium (100 mmol/L KCl, 50 mmol/L Tris/HClI,
5 mmol/L MgSO, and 1 mmol/L EDTA, pH 7.4, 4 °C).
Liver and muscle preparations were then homogenized
in a Teflon/glass homogenizer. Homogenates were cen-
trifuged at 600g for 10 min at 4 °C in an Eppendorf cen-
trifuge after which the resultant pellets of nuclei and cell
debris was discarded. The supernatants were then centri-
fuged at 12,000¢ for 10 min at 4 °C. The resultant pellets
were suspended, respun at 12,000g, resuspended, and the
final pellets (2:1, w/v for liver and 4:1 for muscle) placed
in ice-cold medium (Zheng et al. 2013b; Zhou et al. 2016).
The protein content of mitochondria was determined by
the Folin phenol method with bovine serum albumin as
standard (Lowry et al. 1951).

Mitochonderial respiration and enzyme activity

We measured mitochondrial state-4 respiration in liver
and pectoral muscle at 30 °C in 1.96 mL of respira-
tion medium (225 mmol/L sucrose, 50 mmol/L Tris/
HC], 5 mmol/L MgCl,, 1 mmol/L EDTA and 5 mmol/L
KH,PO,, pH 7.4) with a Clark electrode (Hansatech
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Instruments LTD., England, DW-1), essentially as
described by Estabrook (1967). State-4 respiration and
cytochrome ¢ oxidase (COX) activity were measured
in both muscle and liver tissue. State-4 respiration was
measured over a 1 h period under substrate dependent
conditions, with succinate as the substrate (Zheng et al.
2013b, 2014a). COX activity was measured polarographi-
cally at 30 °C using a Clark electrode as described in Sun-
din et al. (1987). We express state-4 respiration and COX
activity measurements as mass-specific [umol O,/(min g
tissue)], measurements (Wiesinger et al. 1989; Zheng
et al. 2013b, 2014b).

Avian uncoupling protein mRNA expression

Avian uncoupling protein (avUCP) mRNA expression
was determined in pectoral muscle by quantitative Real-
time PCR (RT-qPCR). Total RNA was isolated from bul-
bul pectorals muscle as described by Chomczynski and
Sacchi (1987) using the E.Z.N.A Total RNA Extraction Kit
(R6834-02, Omega). The integrity of the RNA obtained
was tested using agarose electrophoresis and the RNA
concentration was estimated with a Micro-Ultraviolet
Spectrophotometer (NanoDrop 2000c, Thermo Scien-
tific). A Reverse Transcription System (A3500, Promega)
was used to manufacture cDNA samples with total RNA
as the template. A 10 uL RT mixture of each sample (1 pg
total RNA) was prepared using 2 puL of 10x Buffer, 4 pL
of MgCl, (25 mmol/L), 2 uL. dNTP Mixture (10 mmol/L),
0.5 uL Recombinant RNasin® Ribonuclease Inhibitor, 15
U of AMV Reverse Transcriptase (High Conc.), 0.5 pL of
Oligo (dT) (15 Primer) and nuclease-free water to a final
volume of 20 uL. Specific primers were designed based
on the cDNA sequence of the Chinese Bulbul listed in
GenBank (Accession No. JQ353836). The avUCP primers
were 5-CTCTGGGGACGGGAATGT-3’ (forward) and
5-AGGAAGGACGGGACGAAG-3’ (reverse). The refer-
ence primer -actin was made essentially as described by
Rey et al. (2008). The reaction began with an initial dena-
turation for 5 min at 95 °C followed by 40 cycles of dena-
turation at 94 °C for 30 s, annealing at 60 °C for 15 s, and
extension at 72 °C for 30 s.

Data analysis

Data were analyzed using SPSS (version 19.0). The nor-
mality of all variables was examined with the Kolmogo-
rov—Smirnov test and non-normally distributed data
were log,, transformed. The significance of between-
group differences were evaluated with an independent
sample ¢ test. In order to correct for the effect of body
mass, analysis of covariance (ANCOVA) was used to
analyze between-group differences in organ mass, using
body mass minus wet organ mass as a covariate for
the organ in question to avoid part-whole correlations
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(Christians 1999). Partial and residual correlations were
used to evaluate the relationship between BMR and dry
organ mass, and least-squares linear regression to eval-
uate the relationships between log BMR and log body
mass, log state-4 respiration, log COX and log avUCP. p
values < 0.05 were considered statistically significant.

Results

Body mass and basal metabolic rate (BMR)

No between-group differences in body mass (¢,,=
0.299, p =0.704) or BMR (¢,,= 0.904, p = 0.377) were
found prior to food restriction. However, birds in the FR
group underwent a significant decrease in body mass
(£,0= 4.838, p <0.0001; Fig. 1a) and BMR (¢,,= 2.292, p
=0.033; Fig. 1b), relative to those in the control group. A
significant, positive correlation was found between body
mass and BMR (R?=0.201, p = 0.036; Fig. 1c).

Body composition

The FR group had significantly lower body fat (t,,=
4.631, p<0.0001) and liver fat (t,,= 12.484, p <0.0001)
compared to the control group after 12 days of food
restriction (Fig. 2a). The mass of the heart, kid-
neys, small intestine and total digestive tract was also
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significantly lower in the FR group than in the con-
trol group (Table 1). There was a positive correla-
tion between body mass and body fat (R*>=0.491,
p<0.0001; Fig. 2b), and between body mass and liver fat
(R*=0.408, p=0.001; Fig. 2c). Partial correlation analy-
sis indicated significant, positive correlations between
BMR and dry heart mass and between BMR and dry
kidney mass (Table 2).

Mitochondrial respiration and cytochrome C oxidase (COX)
activity

The FR group had significantly decreased levels of
state-4 respiration in the liver (f,,= 2.132, p =0.045)
and muscle (t,,= 3.180, p =0.007) (Fig. 3a), and
decreased COX activity in the liver (£,,=2.828,
»=0.010) and muscle (¢,,= 4.554, p <0.0001) (Fig. 3b),
compared to the control group. BMR was positively
correlated with and state-4 respiration in the liver
(Fig. 4a), and with COX activity in muscle (Fig. 4d).

Avian uncoupling protein (avUCP) mRNA level
The FR group had significantly lower avUCP (¢;; =3.293,
p=0.007) than the control group (Fig. 5).
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Table 1 Dry mass of various internal organs (controlled
for body mass minus wet organ mass) of Chinese Bulbuls
(Pycnonotus sinensis) after 12 days food restriction

Control FR Significance

Sample size (n) 12 10

Muscle (mg) 29704223 22004254 F,,4=3.585 p=0074
Brain (mg) 18754104 2030+119 F,,9=0664, p=0425
Heart (mg) 754£53  583£61 i ,=4.504,p=0047
Lung (mq) 570+36 539442 F119=0217,p=0.646
Liver (mg) 66.0+9.6 84.74+£109 F,9=1.143,p=0298
Kidney (mg) 86.4+4.5 71652 F110=4418,p=0048
Gizzard (mg) 10224106 921+£121  F,,4=0269,p=0610
Small intestine (mg) 24234223 1586+£255 F;,4=7.081,p=0015
Rectum (mg) 159+£45 194+£52 F119=0.182,p=0674
Digestive tract (mg) 37154306 26994349 F,,9=5.005 p=0037

Data are presented as mean + SEM

FR food restriction

Discussion
Food limitation has been shown to affect a wide variety
of morphological, physiological, and behavioral functions

in animals (Kelly and Weathers 2002; McKechnie and
Wolf 2004; Gutiérrez et al. 2011). We found that 12 days
of food restriction decreased the body mass, body fat,
energy expenditure, internal organ (kidney, heart and
small intestine) mass, and BMR, of Chinese Bulbuls,
and also decreased state-4 respiration and COX activity
in their liver and muscle mitochondria. Food restriction
also caused a decrease in avUCP in muscle.

Effects of food restriction on the morphology

and physiology of Chinese Bulbuls

Birds, like many other animals, rarely have unlimited
access to food in the wild and consequently have evolved
the ability to drastically change their morphology and
physiology in response to food shortage (Piersma and
Lindstrom 1997; Klaassen et al. 2004). Chinese Bulbuls
responded to food restriction by decreasing their body
mass, BMR and altering their body composition. Body
mass is an important index that reflects an animal’s nutri-
tional status (Kelly and Weathers 2002) and its stabil-
ity depends on the balance between energy intake and
expenditure (Hegemann et al. 2012). Our results show
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Table 2 Partial, and residual, correlations between basal metabolic rate and the dry mass of various organs (controlled
for body mass minus wet organ mass) of Chinese Bulbuls (Pycnonotus sinensis) after 12 days food restriction

Muscle Brain Heart Lung Liver Kidney Gizzard Small intestine Rectum Digestive tract
Partial correlations
R? 0.182 0.006 0318 0.123 0.138 0.321 0333 0.049 0.080 0.045
D 0.047 0.730 0.006 0.109 0.089 0.006 0.096 0321 0.204 0.346
Residual correlations
R? 0.040 0.007 0.129 0.011 0.001 0.135 03146 0.052 0.008 0.023
p 0.369 0.973 0.100 0.649 0.845 0.092 0.806 0.304 0.694 0.505
p values in italics are statistically significant
. have had to consume their fat reserves to compensate for
2T gl a L_] Control their decreased energy intake (Swanson 1991b; Cooper
c 2 ) * -FR . . .
£ 059 2007; Liknes et al. 2014). FR birds also had a lighter heart,
= g 0.4 % kidneys, small intestine and digestive tract than control
I g; R birds. This suggests that food deprivation has a profound
ZE o4 - effect on the body composition and digestive organs
=
T 0 of birds. Furthermore, our results are consistent with
.= b o those of prev1o.us.stuc.hes (Liang ?t a.l. 2015) in sh.ow1r.1g
£Z 08 * R that food restriction induces a significant reduction in
§ ? 0.6 ﬁ fadaid the BMR of Chinese Bulbuls. These results suggest that
S8 44l the ability to decrease their BMR is an important adap-
S L. tation used by Bulbuls to survive periods of food short-
gE o age. Several authors have suggested that much of the
' Liver Musele energy used in basal metabolism is consumed by visceral
Fig. 3 Differences in state-4-respiration (a) and cytochrome C organs (Daan et al. 1990; Piersma and Lindstrom 1997),
oxidase (b) in the liver and pectoral muscle of Chinese Bulbuls including the small intestine (storage, digestion and
(Pycnonotus sinensis) that were provided with food ad libitum (control absorption) the heart and lungs (oxygen transport) the
group) and those provided with half of the usual quantity of food . . . C .
- liver (catabolism), and the kidneys (waste elimination)
(food restriction group group), after 12 days. Data are shown as . X .
mean = SEM, *p < 0.05, **p <0.01, **p <0.001. FR food restriction (Daan et al. 1990; Li et al. 2017). Although the liver, kid-
group ney, heart, and digestive tract comprise less than 10% of

that 12 days of food restriction was sufficient to cause
Chinese Bulbuls to undergo a significant decrease in
body mass of 13%. Such a reduction in body mass gener-
ally reduces maintenance requirements thereby resulting
in a decrease in whole-body energy expenditure. Similar
results have been found in Eurasian Tree Sparrows (Pas-
ser montanus) (Yang et al. 2010) and White Throated
Sparrows (Zonotrichia albicollis) (Pierce and McWil-
liams 2004). Fat reserves can supply emergency energy
reserves during periods of food shortage (O’Connor
1995; Guglielmo and Williams 2003). Increased fat levels
in the body and liver in winter, or during migration, are
common in many temperate passerines, enabling these
birds to meet increased thermoregulatory demands and
provide a nutritional buffer against temporary foraging
restrictions caused by inclement weather (Dawson and
Marsh 1986; Swanson 1991a). Our data show that Chi-
nese Bulbuls in the FR group had lower body and liver
fat compared to the control group. The FR birds may

total body mass, they consume 50-70% of total energy
expenditure (Rolfe and Brown 1997; Clapham 2012). We
found that the mass of the heart, kidneys, small intestine
and digestive tract decreased significantly in FR bulbuls,
compared to those in the control group, which suggests
that bulbuls reduce the mass of these organs when food is
limited to decrease their energy expenditure and thereby
ultimately their metabolic rate.

Biochemical responses to food restriction in liver

and muscle

The liver is one of the largest and most metabolically
active organs in birds and can also contribute to the ther-
mogenesis (Villarin et al. 2003; Dumas et al. 2004; Zheng
et al. 2008a, b). Under basal metabolic conditions, the
liver has been shown to contribute 25% of total heat pro-
duction (Li et al. 2001; Zheng et al. 2008b). Skeletal mus-
cles have lower mass-specific metabolic rates, but due to
their total mass, contribute significantly to seasonal accli-
matization through their role in thermogenesis (Scott
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and Evans 1992; Chappell et al. 1999). Mitochondrial
state-4 respiration, and cytochrome C oxidase (COX)
activity are indicators of cellular metabolic intensity and
can reflect metabolic activity in these tissues (Zheng
et al. 2008a, 2014a; Swanson 2010; Swanson et al. 2014).

A reduction in metabolic rate should lead to a decrease
in the utilization of substrates by tissues and organs (Sar-
tori et al. 1995), a hypothesis supported by the changes
in biochemical markers (i.e., mitochondrial protein con-
tent, state-4 respiration and COX activity) we observed
in Chinese Bulbuls. Our results show that liver mito-
chondrial protein content, state-4 respiration and COX
activity decreased significantly in the FR group compared
to the control group. This result is interesting and, since
neither liver nor muscle underwent a significant decrease
in organ mass (although both did decreased in mass by
19-33%), suggests that reducing cellular energy con-
sumption may be more important than reducing organ
masses. These decreases are consistent with a mechanis-
tic down regulation of intracellular metabolic capacity in
response to food restriction, suggesting that this mecha-
nism may be important to bulbuls’ ability to respond to
changing seasonal energy demands.

Birds do not have brown adipose tissue but have the
ability to increase the thermogenic capacity of their skel-
etal muscles through shivering thermogenesis and adap-
tive non-shivering processes after cold acclimation (Barré
et al. 1986; Dridi et al. 2004; Abe et al. 2006). This may
be achieved through change in the specific mitochondrial




Zhang et al. Avian Res (2018) 9:39

anion carrier avUCP (Dridi et al. 2004). AvUCP mRNA
is upregulated in the skeletal muscles of chickens after
exposure to cold, which is known to be associated with
increased energy expenditure (Toyomizu et al. 2002; Col-
lin et al. 2003; Teulier et al. 2010). However, it is worth
noting that the studies relating avUCP to NST in birds
were all done on chicks rather than adults (Vianna et al.
2001; Toyomizu et al. 2002; Mozo et al. 2005; Teulier
et al. 2010). This suggests that the incomplete muscu-
lar development of chicks may reduce their capacity for
shivering thermogenesis to the extent that their ther-
moregulatory demands may need to be supported by
NST, whereas adult birds with fully developed shivering
capacities may be less reliant on NST. Our results suggest
that food restriction induced a significant decrease in the
avUCP content of muscle in bulbuls, which is consistent
with previous findings in king penguins (Rey et al. 2010).
This indicates that rather than thermogenesis or reducing
oxidative stress, it is quite possible that the main function
of avUCP is to maintain optimized mitochondrial mem-
brane potential (Brand 2000).

Conclusions

In conclusion, the results of our study demonstrate
that Chinese Bulbuls respond to food restriction at the
organismal, physiological and molecular levels, includ-
ing decreasing their body mass and changing their body
composition, reducing metabolic thermogenesis, and
decreasing enzymatic activity and the amount of mito-
chondrial anion carrier in specific organs. These morpho-
logical, physiological and biochemical responses could be
a part of the seasonal acclimatization used by bulbuls to
adjust to seasonal changes in food abundance, especially
during winter. This phenotypic flexibility may enable the
Chinese Bulbul to survive periods of seasonal food limi-
tation (Liang et al. 2015).
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