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A B S T R A C T   

The aim of this study was to determine the metabolic effects of a four-week 60% high-fat (HF) diet on mourning 
doves. Plasma glucose concentrations are, on average, 1.5–2 times higher in birds than in mammals of similar 
body mass, but birds have innate mechanisms that protect them from high blood glucose-associated pathologies 
normally developed in mammals. Elucidating these mechanisms may help develop therapeutics for treatment of 
human diabetes-related complications. A high fat (HF) diet is commonly used in rodents to investigate metabolic 
disease. We hypothesized that this diet in doves would elevate plasma glucose and alter metabolic physiology 
compared to the control (CON) diet. Following the four-week long diets, doves were euthanized, and we 
collected blood, liver, pectoralis muscles, and kidney samples. Contrary to the rodent-models, HF-fed birds did 
not have increased plasma glucose concentrations relative to CON-fed birds. Metabolomic analyses revealed no 
group differences in plasma, liver, pectoralis muscle, or kidney metabolites (FDR q-value>0.05 for all). Principal 
component analysis score plots of metabolites showed no separation between groups, and pathway analyses 
revealed no significantly altered metabolic pathways between groups (191 pathways across tissues, FDR q-val
ue>0.05). Body mass, plasma uric acid, glucose, and insulin as well as liver and pectoralis muscle glycogen and 
triglycerides did not differ between groups (p > 0.05 for all). In conclusion, a four-week long high fat diet did not 
alter plasma glucose concentrations or metabolic physiology in mourning doves, indicating that these birds have 
mechanisms that allow them to avoid high fat diet-induced pathologies seen in mammals.   

1. Introduction 

Avian and mammalian nutritional physiology differ in several re
spects. A notable difference concerns glucose metabolism: avian plasma 
glucose concentrations are, on average, 1.5–2 times higher than those of 
mammals of similar body mass (Braun and Sweazea, 2008). Further, 
birds lack an insulin-responsive GLUT4-like transporter (Braun and 
Sweazea, 2008; Welch et al., 2013), have lower plasma insulin con
centrations (Hazelwood, 1973), and a higher sensitivity to the metabolic 
effects of glucagon (Hazelwood, 1973) than mammals. Interestingly, 
glucagon administration to birds typically increases circulating lipids 
more than glucose (Hazelwood, 1973). Additionally, in birds, dietary fat 
is absorbed directly into the blood via portomicrons, instead of the 
lymphatic system as in mammals (Bensadoun and Rothfeld, 1972). 
Given these differences, the ability of birds to process (i.e., digest, 

absorb, and metabolize) food likely also differs from that of mammals. 
For example, rodents fed a high-fat (HF) diet for six weeks develop 
elevated fasting hyperglycemia (Sweazea et al., 2010) due to the high 
fat-induced upregulation of gluconeogenesis (Meng et al., 2013). How
ever, research on effects of such diets in birds is limited and has yielded 
inconsistent results. 

Turkey hens (Meleagris gallopavo) fed a HF diet (47% kcal from fat; 
100 days) consumed more calories than controls, but this diet had no 
effect on body weight (Rosebrough and Steele, 1985). In addition, a high 
fat commercial poultry feed (22% kcal from fat; 12 weeks) had no effect 
on the body mass and serum triglycerides of Guineafowl (Numida 
meleagris) and Muscovy ducks (Cairina moschata; Donaldson et al., 
2014). In contrast, male Japanese quail (Coturnix coturnix japonica) fed a 
moderate fat diet (22% kcal from fat or varying sources; 12 weeks) 
showed increased body mass and decreased serum triglycerides 
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(Donaldson et al., 2015). Likewise, Japanese quail fed a commercial 
poultry feed enriched with five different types of fat (either coconut oil, 
palm oil, soybean oil, lard, or sunflower oil; 22.28–26.13% kcal from fat; 
12 weeks) increased in body mass (Donaldson et al., 2017). In addition, 
the various HF diets decreased serum triglycerides but did not affect 
glucose tolerance or serum metabolic health markers (uric acid, total 
protein, albumin, total bilirubin, and calcium). Moreover, in the Taiwan 
country chicken, Gallus gallus, consumption of a 10% high fat diet from 
lard for six weeks increased body weight, as well as plasma triglycerides 
and cholesterol, compared to controls (Chen et al., 2018). It should be 
pointed out that the above studies used domesticated birds and, to date, 
no study has tested the effects of a high fat diet (60% kcal from fat) in 
wild-caught birds. 

As birds naturally have relatively high plasma glucose, yet do not 
develop complications from hyperglycemia as seen in mammals, they 
can serve as a pathology-free model of diabetes: elucidating the mech
anisms used to protect against these complications may help develop 
therapeutics for treatment of human diabetes-related pathologies (Green 
et al., 2018; Szwergold and Miller, 2014). In particular, determining 
how a high-fat diet alters the metabolic physiology of birds, if at all, may 
reveal potential therapeutic targets to prevent complications from diet- 
induced metabolic disease in mammals. Metabolic complications can be 
produced in as little as four weeks in rodents (Gu et al., 2015a, 2015b). 
The aim of this study, therefore, was to determine if a four-week 60% 
high-fat diet (HF) in wild-caught mourning doves (Zenaida macroura) 
alters metabolic physiology compared to a control (CON) diet. We hy
pothesized that feeding mourning doves a high fat diet for four weeks 
would raise plasma glucose and alter metabolic physiology. 

2. Materials and methods 

2.1. Animals, study design, and diet 

Mourning doves commonly reside in the study area (Arizona State 
University [ASU] Tempe Campus; 33◦ 25′ 11.5” N - 111◦ 55′ 55.6” W; 
altitude: 365 m a.s.l.) and have been used for related studies (Basile 
et al., 2020; Jarrett et al., 2013, 2016; Smith et al., 2011; Sweazea et al., 
2010). Adult mourning ddddoves (110–130 g body mass) were trapped 
as previously described (Basile et al., 2020; Jarrett et al., 2016; Jarrett 
et al., 2013; Smith et al., 2011), using a walk-in funnel trap baited with 
wild bird seeds. Only males were caught to limit potentially confounding 
effects of sex differences. Sex was determined at time of capture based 
on sexual dimorphic features (Petrides, 1950) and was confirmed after 
euthanasia yielding 13 males and 1 female to complete the study. All 
birds were collected from the same location and at approximately the 
same time of the morning, and transported in individual cloth bags with 
drawstring closures, to minimize stress, to the ASU Department of Ani
mal Care and Technologies (DACT) outdoor aviaries. Week 1 consisted 
of trapping and acclimating animals to individual housing in either 1) 
metal mobile aviary cages: 60”L x 30”W x 78”H housed within a larger 
aviary or 2) housing pens 9′L x 5′W x 9′H within a different larger aviary. 

During the acclimation period, doves received a nutritionally 
balanced dove seed diet (Supreme Dove Food, Kaytee Products, Inc; 
Chilton, WI USA) containing 63% carbohydrate, 11% protein, and 3% 
lipid (% macronutrient/g). During Week 2, doves were introduced to 
their respective commercial pelleted experimental diets and fed a 
mixture of bird seed and experimental diet at increasing ratios until only 
the experimental diet remained. Experimental diets consisted either of a 
high fat (60% kcal from fat; HF) or of a control (CON) diet (see Table 1 
for nutritional information). Both diets were broken into smaller pieces 
using a mortar and pestle to give the doves a wide selection of item sizes. 
The CON diet was moistened with water prior to crushing and both diets 
were kept refrigerated. Doves received food and water ad libitum, and 
both were changed daily. After the diet introduction week, doves 
remained on their respective diet for four weeks until euthanasia. Food 
intake was not recorded as birds often spilled food in and outside the 

cages, which would have made measurements unreliable. In total, 16 
doves were captured, but two were released due to poor acclimation/ 
self-injury. Therefore, 14 doves completed the study. Due to limita
tions in cage availability, doves were captured and housed in two 
batches (batch 1: 2/26/2018 through 4/12/2018 (46 days), n = 9 doves 
(CON 5, HF: 4); batch 2: 4/16/2018 through 5/29/2018 (44 days), n = 5 
doves (CON: 2, HF: 3)). 

2.2. Euthanasia and tissue collection 

After four weeks of CON or HF diet consumption, birds were 
euthanized between 8 and 10 am Mountain Standard Time with sodium 
pentobarbital (200 mg/kg body mass, i.p.) and ~ 2 mL of non-fasted 
blood was collected by cardiac puncture into ethylenediaminetetra
acetic acid (EDTA) and heparin-coated vacutainers. Liver, pectoralis 
muscle, and kidney samples were then collected. Blood was centrifuged 
at 14,000 RPM for 10 min to isolate plasma. Plasma and tissue samples 
were stored at −80 ◦C until analyses. All experimental procedures were 
approved by the ASU Institutional Animal Care and Use Committee and 
were conducted under appropriate state and federal permits. 

2.3. Metabolomics 

Metabolomics analyses were performed at the Arizona Metabolomics 
Laboratory as previously described (Basile et al., 2020). Briefly, plasma, 
liver, pectoralis muscle, and kidney samples (HF = 7; CON = 7 for each; 
batches were combined for analyses) were thawed overnight at 4 ◦C. For 
plasma analysis, 50 μL of each plasma sample was placed in a 2 mL 
Eppendorf vial. To precipitate proteins and extract metabolites, 500 μL 
MeOH and 50 μL internal standard solution (containing 1810.5 μM 13C3- 
lactate and 142 μM 13C5-glutamic acid) were added to the samples and 
the mixture vortexed for 10 s, stored at −20 ◦C for 30 min, then 
centrifuged at 14,000 RPM for 10 min at 4 ◦C. Supernatants (450 μL) 
were extracted and transferred to new Eppendorf vials and dried (Cen
triVap Concentrator; Labconco, Fort Scott, KS, USA). Samples were 
reconstituted in 150 μL of 40% PBS/60% acetonitrile and centrifuged 
again at 14,000 RPM at 4 ◦C for 10 min. Supernatant (100 μL) was 
transferred to an LC autosampler vial for subsequent analysis. Internal 
quality-control (QC) samples consisted of two pooled plasma samples 
from all animals. The QC samples were analyzed three times during 
reading: beginning, middle, and end. 

For tissue analyses, 20 mg samples were homogenized in 200 μL 
MeOH:PBS (4:1, v:v, containing 1810.5 μM 13C3-lactate and 142 μM 
13C5-glutamic acid) in an Eppendorf tube (Bullet Blender homogenizer; 

Table 1 
Composition of pelleted experimental diets.    

Percent by weight Percent kcal 

High-Fat Diet:    
Kcal/g: 5.1 Protein: 23.5 18.3  

Carbohydrate: 27.3 21.4  
Fat: 34.3 60.3 

Ingredients (g/Kg): Casein (265.0), Maltodextrin (160.04), Sucrose (90.0), Anhydrous 
Milkfat (74.8), Cellulose (65.5), Soy Bean Oil (64.7), Lard (57.7), Olive Oil (57.7), 
Beef Tallow (51.1), TD 94046 MM AIN-93G-MX (48.0), Corn Oil (34.0), TD 94047 
VM, AIN-93-VX (21.0), L-Cystine (4.0), Calcium Phosphate, dibasic (3.4), Choline 
Bitartrate (3.0), TBHQ (antioxidant; 0.06)  

Control Diet:   
Kcal/g: 3.6 Protein: 18.6 20.5  

Carbohydrate: 62.6 69.1  
Fat: 4.2 10.5 

Ingredients (g/Kg): Corn Starch (465.0), Casein (210.0), Maltodextrin (100.0), 
Sucrose (90.0), Cellulose (37.25), Mineral Mix – AIN-93G-MX (04046; 35.0), Lard 
(20.0), Soybean Oil (20.0), Vitamin Mix AIN-93-VX (94,047; 15.0), L-Cystine (3.0), 
Choline Bitartrate (2.75), Calcium Phosphate, dibasic (2.0) 

Experimental diet nutrition and ingredient data provided from Envigo Teklad 
Diets (Madison, Wisconsin, USA). 
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Next Advance, Averill Park, NY, USA). Then 800 μL MeOH:PBS (4:1, v:v, 
containing 1810.5 μM 13C3-lactate and 142 μM 13C5-glutamic acid) was 
added to the homogenate and vortexed for 10 s. Homogenized samples 
were transferred to −20 ◦C for 30 min, then sonicated in an ice bath for 
30 min. Samples were centrifuged at 14,000 RPM for 10 min (4 ◦C), and 
800 μL supernatant was transferred to a new Eppendorf tube and 
vacuum-dried (CentriVap Concentrator; Labconco, Fort Scott, KS, USA). 
Prior to MS analysis, dried samples were reconstituted in 150 μL 40% 
PBS/60% ACN. Data were normalized to tissue weights prior to 
analyses. 

2.4. Liquid chromatography-mass spectrometry 

The targeted LC-MS/MS method used in the current study was 
modeled after previous studies (Buas et al., 2017; Carroll et al., 2015; 
Zhu et al., 2014; Gu et al., 2016; Gu et al., 2015a, 2015b; Li et al., 2018; 
Jasbi et al., 2019a, 2019b; Shi et al., 2019; He et al., 2020; Shi et al., 
2020). Briefly, LC-MS/MS experiments were performed on an Agilent 
1290 UPLC-6490 QQQ-MS (Santa Clara, CA, USA) system. Each sample 
was injected twice for analysis (10 μL using negative ionization mode, 4 
μL using positive ionization mode). Chromatographic separations were 
performed in hydrophilic interaction chromatography (HILIC) mode on 
a Waters XBridge BEH Amide column (150 × 2.1 mm, 2.5 μm particle 
size, Waters Corporation, Milford, MA, USA). The flow rate was 0.3 mL/ 
min, auto-sampler temperature was maintained at 4 ◦C, and the column 
compartment was set at 40 ◦C. The mobile phase system was composed 
of Solvents A (10 mM ammonium acetate, 10 mM ammonium hydroxide 
in 95% H2O/5% ACN) and B (10 mM ammonium acetate, 10 mM 
ammonium hydroxide in 95% ACN/5% H2O). After the initial 1 min 
isocratic elution of 90% Solvent B, the percentage of Solvent B decreased 
to 40% at t = 11 min. The composition of Solvent B maintained at 40% 
for 4 min (t = 15 min), and then the percentage of Solvent B gradually 
went back to 90%, to prepare for the next injection. 

The mass spectrometer was equipped with an electrospray ionization 
(ESI) source. Targeted data acquisition was performed in multiple- 
reaction-monitoring (MRM) mode. We monitored 132 and 171 MRM 
transitions in negative and positive mode, respectively (303 transitions 
in total). The LC-MS system was controlled by Agilent MassHunter 
Workstation software (Santa Clara, CA, USA) and extracted MRM peaks 
were integrated using Agilent MassHunter Quantitative Data Analysis 
software (Santa Clara, CA, USA). 

2.5. Morphometrics and plasma and tissue metabolite analyses 

Body weight was not recorded at the time of capture because food 
within the crop of mourning doves can account for up to 10% of body 
weight (Hanson and Kossack, 1957). The experimental diets were not 
stored appreciably in the crops and body weight was, therefore, recor
ded at the time of euthanasia using Ohaus Triple Beam 700/00 Series 
Balance (linearity/sensitivity ±0.1 g; Parsippany, NJ, USA). For all as
says, samples were analyzed in duplicate on the same assay plate to 
avoid inter-plate variations. Plasma uric acid concentrations were 
measured using a commercially available kit (Cat. No. DIUA-250; Bio 
Assay Systems, Haywood, CA, USA; sensitivity: 0.22 mg/dL; intra-assay 
percent coefficient variation [CV] for both groups: 1.99%). Samples 
were diluted 1:2 prior to the assay. Plasma insulin concentrations were 
determined using the Ultra-Sensitive Rat Insulin ELISA Kit (Cat No. 
90060; Crystal Chem, Elk Grove Village, IL, USA; sensitivity: 50 pg/mL; 
CV: 4.38%; note: the structure of insulin is generally well-conserved 
throughout the animal kingdom (Simon et al., 2004) and this kit has 
been used in prior studies with avian plasma; Basile et al., 2020). 
Samples were diluted 1:15 prior to the assay. Liver and pectoralis 
glycogen concentrations were determined using published methods 
(sensitivity: 5 pg/mL; CV: 1.04% and 1.62%, respectively; Lo et al., 
1970). Plasma glucose concentrations were measured using a commer
cially available kit (Cat. No. 10009582; Cayman Chemical, Ant Arbor, 

MI, USA; sensitivity: 5.0 mM/L; CV: 1.06%). Plasma, liver, and pector
alis muscle triglyceride concentrations were determined using a previ
ously published method (Jouihan, 2012; sensitivity: 0.03 mM; CV: 
1.06%, 0.67%, and 0.78%, respectively). Tissue samples were diluted 
1:2 prior to the assay. All readings were obtained using a Thermo Fisher 
Scientific, Multiskan Go plate reader (Waltham, MA, USA). 

2.6. Statistical analysis and metabolite and pathway interpretation 

Metabolic pathways and pathway analyses, integrating enrichment 
analyses, and pathway topology analyses were performed, and results 
were visualized using the online MetaboAnalyst (metaboanalyst.ca) 
software package. The reported Holm adjusted p-value was used to 
determine significance (Xia et al., 2015). The data were log10-trans
formed prior to model construction. The pathway analysis was calcu
lated from the chicken metabolic pathway library. PubChem Open 
Chemistry Database (https://pubchem.ncbi.nlm.nih.gov/) was used for 
interpretation of individual metabolites and metabolic pathways. Uni
variate testing was performed using SPSS 25.0 (SPSS Inc., Chicago, IL, 
USA). To determine significantly affected metabolites, the data were log- 
transformed and subjected to independent sample Student’s t-tests (HF 
vs. CON) for all tissues. If data were not normally distributed, a Mann- 
Whitney U test was used. To adjust for multiple hypothesis testing, a 
false discovery rate (FDR) correction was used with a significance level 
of p < 0.05. To determine separation between groups, a principal 
component analysis (PCA) was conducted on metabolites for each tissue. 
PCA score plots were generated for visualization. Student’s t-tests were 
used to compare morphometrics and biochemical variables between diet 
groups (SigmaStat 10.0; Systat Software, Inc.; San Jose, CA, USA). Data 
that were not normally distributed were log transformed prior to anal
ysis (plasma insulin, liver glycogen, pectoralis muscle and liver tri
glycerides); however, non-transformed data are presented. In addition, 
Siegel-Tukey tests were used to compare differences in statistical 
dispersion (i.e., scale or spread) in ratio scale variables between study 
groups. A two-way analysis of variance (ANOVA) was used to determine 
difference in morphometrics and biochemical variables between 
batches. The statistical significance level of all tests was set to an α of 
0.05. 

3. Results 

We detected numerous metabolites in all tissues: plasma: 71; liver: 
151; pectoralis muscle: 159; and kidney: 187 (supplemental file 1). 
There were no differences in metabolite concentrations between diet 
groups in plasma, liver, pectoralis muscle, or kidney (FDR q-value>0.05; 
see supplemental file 1). PCA score plots for the plasma, liver, pectoralis 
muscle, and kidney metabolites showed no separation between groups 
(Fig. 1). Fig. 2 shows the pathway analysis enrichment and pathway 
topology analysis of plasma, liver, and pectoralis muscle for both 
groups. No metabolic pathways were significantly altered between diet 
groups (FDR q-value>0.05; see supplemental file 1). 

No differences between diet groups were found in body mass, plasma 
uric acid, insulin, and glucose, as well as liver and pectoralis muscle 
glycogen and triglyceride (p > 0.05 for all; Fig. 3), but a difference in 
scale between diet groups was found for: plasma uric acid (p = 0.031; 
greater scale in HF), insulin (p = 0.047; less scale in HF), and triglyceride 
(p = 0.047; greater scale in HF), pectoralis muscle glycogen (p = 0.047; 
greater scale in HF), liver glycogen (p = 0.031; greater scale in HF), and 
pectoralis muscle triglyceride (p = 0.016; greater scale in HF). In addi
tion, we found no differences between batch numbers except that birds 
belonging to the first batch had lower pectoralis glycogen than birds 
belonging to the second batch (p = 0.034; batch 1: 226.75 mg/g muscle, 
SEM: 37.02; batch 2: 420.18 mg/g muscle, SEM: 50.38). 
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4. Discussion 

Based on the mammalian response to a HF diet, we used mourning 
doves as an experimental model (i.e., negative model of hyperglycemia 
complications) to test the hypothesis that this diet also alters plasma 
glucose concentrations in mourning doves. Contrary to this hypothesis, 
we found no HF diet-induced effects on plasma glucose concentration or 
metabolic physiology compared to the control group. Moreover, 
metabolomics analyses also revealed no significant differences between 
groups in plasma, liver, pectoralis muscle, or kidney metabolites. 
Pathway analyses displayed no alterations in metabolic pathways in 
plasma, liver, pectoralis muscle, or kidney between diet groups. Lastly, 

body mass, plasma uric acid and insulin, and liver and pectoralis muscle 
glycogen and triglyceride did not differ between diet groups. However, 
the plasma levels of uric acid and triglyceride, the levels of pectoralis 
muscle glycogen and triglyceride, and the levels of liver glycogen had a 
larger scale in the HF than the CON group. In addition, doves in batch 2 
had a higher pectoralis muscle glycogen concentration than birds in 
batch 1. Average daily ambient temperature was lower when batch 1 
birds were tested than when batch 2 birds were tested (batch 1: 69.22 ◦F, 
SD: 8.57; batch 2: 81.82 ◦F, SD: 6.83; p < 0.001; see Supplemental File). 
This temperature difference may have caused a difference between birds 
of the two batches in activity and consequently also in pectoralis muscle 
glycogen. In contrast, plasma insulin concentrations have a smaller scale 

Fig. 1. Principal Component Analysis (PCA) score plats of mourning dove plasma, liver, pectoralis muscle, and kidney show minimal separation between diet groups. 
PCA score plots produced via online MetaboAnalyst.ca software for plasma (number of metabolites matched to program: n = 63/71), liver (n = 138/151), pectoralis 
muscle (n = 145/159), and kidney (n = 167/187) between mourning doves consuming a four-week high-fat diet (HF: red circles, n = 7) or control diet (CON: green 
circles, n = 7). PCA X and Y Axis are principal components (PC) 1 and 2, respectively, and represent the first and second largest variation in the data. The values on 
the X and Y axis represent the percentage of variation explained by the PC. Note: X and Y axis vary by plot. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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in the HF than the control group of doves. Overall, compared to 
mammalian physiology, mourning dove metabolic physiology appears 
to be minimally altered by a high fat diet. 

Previous research found that high fat diets can alter avian physi
ology, but these studies differed from the present investigation with 
respect to duration and to percentage of kcal from fat in the diet, and 
they used poultry as model species. For example, prior studies were 
typically of longer duration than this study (6–14 weeks; Chen et al., 
2018; Donaldson et al., 2014, 2015; Donaldson et al., 2017; Rosebrough 
and Steele, 1985). This difference may have contributed to our finding 
no diet-related changes in metabolic physiology. However, the HF diet 
used in current study had a higher percentage of kcals from fat (60%) 
than the diet used in previous studies (10%–47% kcal from fat; Chen 

et al., 2018; Donaldson et al., 2014, 2015; Donaldson et al., 2017; 
Rosebrough and Steele, 1985). Although Jia et al. (2012) used a 50% 
kcal from animal fat diet in female Guangdong Yuehuang chickens, 
these researchers did not examine metabolic physiology (Jia et al., 
2012). The use of poultry as model organisms in the above studies does 
not inform about the normal physiological response of wild birds to a 
high fat diet. Further, to our knowledge, there are no studies examining 
the effect of a high fat diet in laboratory raised animals compared to 
wild. Similarly, laboratory rodents do not reflect wild rodents due to 
conditions of captivity (e.g., limited environmental stimulation, 
restricted physical activity, and ad libitum access to food; Martin et al., 
2010). In addition, laboratory and wild animals may have evolved dif
ferences in metabolic physiology, altering their physiological response 

Fig. 2. No metabolic pathways in plasma, liver, pectoralis muscle, and kidney were significantly altered between diet groups. Metabolic pathway enrichment 
analysis, performed using online MetaboAnalyst.ca software, for metabolite concentrations for a) plasma (metabolites matched to software: n = 63/71), b) liver (n =
138/151), c) pectoralis muscle (n = 145/159), and d) kidney (n = 167/187) between mourning doves consuming a four-week high-fat diet (HF; n = 7) or control diet 
(CON; n = 7). No metabolic pathways were significantly altered between diet groups (FDR adjusted p-value>0.05). Size of the dot corresponds with the pathway 
impact (location of metabolite in pathway, e.g. upstream or downstream, statistical significance of the set of pathway genes, and metabolite concentration fold 
change). Dot colour (yellow to red) corresponds with the level of significance. Note: Y axis varies by plot. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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to a high fat diet. Therefore, the inclusion of wild birds in the present 
study widens the understanding of the effects of a high fat diet on avian 
physiology. 

Consistent with previous work, body mass (Donaldson et al., 2014; 
Rosebrough and Steele, 1985), plasma uric acid (Donaldson et al., 
2017), liver glycogen (Rosebrough and Steele, 1985), and liver tri
glycerides (Donaldson et al., 2014) were not altered by the HF diet. 
Conversely, this diet given to poultry can decrease liver lipids (Rose
brough and Steele, 1985), and increase body mass and serum tri
glycerides (Chen et al., 2018; Donaldson et al., 2014, 2017). Overall, the 
effects of a high fat diet on birds are variable and may be species- or diet 
type-specific. We also found no group difference in body weight and 
plasma or tissue metabolite concentrations, but the HF diet resulted in 
either a smaller or larger scale for some metabolite concentrations 
compared to CON. This result suggests that the physiology of HF diet-fed 
doves changed in complex and individually variable ways compared to 
that CON diet-fed doves, but the factors that account for this difference 
(e.g., eating behavioral variation) have not been identified. 

Birds can serve as a negative model (see Green et al., 2018) in which 

to identify potential therapeutic targets for mammalian diabetes/hy
perglycemia complications (Szwergold and Miller, 2014). The present 
study contributes to this research tool in two ways. First, a better un
derstanding of the metabolic physiology of a wild-caught model can help 
understand avian resistance to metabolic complications. Second, the 
present results demonstrate that mourning doves can maintain meta
bolic homeostasis while consuming a HF diet for four weeks. This diet in 
mammals induces pathological effects. For example, Sprague-Dawley 
rats develop dyslipidemia after four weeks of a 48% HF diet consump
tion (Gu et al., 2015a, 2015b). The present results indicate that doves 
have a physiological plasticity to avoid changes in metabolic physiology 
when consuming a diet known to induce pathology in mammals. The 
mechanisms that doves use to elude this effect of HF diet consumption 
are unclear and warrant additional research. Whether this dietary 
plasticity extends to other wild bird species is unclear. Prior research in 
our laboratory tested the effects of an extremely high carbohydrate diet 
(white bread; Basile et al., 2020) and similar to the present study, it 
showed minimal changes in the metabolic physiology of the animals, 
although endothelium dependent vasodilation and liver glycogen were 

Fig. 3. Body mass, plasma uric acid, insulin, glucose and triglyceride as well as pectoralis muscle and liver glycogen and triglycerides were not altered between diet 
groups. Data presented as median and upper and lower quartile values and whiskers represent upper and lower values, respectively. Batch data were combined for 
presentation; n = 7 for both groups except plasma glucose (CON: n = 7; HF: n = 6). No differences between diet groups (p > 0.05 for all). However, a difference in 
scale between diet groups was found for: plasma uric acid (p = 0.031; greater scale in HF), insulin (p = 0.047; less scale in HF), and triglyceride (p = 0.047; greater 
scale in HF), pectoralis muscle glycogen (p = 0.047; greater scale in HF), liver glycogen (p = 0.031; greater scale in HF), and pectoralis muscle triglyceride (p =
0.016; greater scale in HF). Note: Y axis varies by plot. 
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altered by the refined carbohydrate diet. Together, the findings from 
these two dietary studies on mourning doves suggest that these birds 
have considerable plasticity with regard to their ability to consume diets 
comprised of extreme macronutrient ratios that produce pathologies in 
mammals (de Oliveira et al., 2015; Spadaro et al., 2015; Sweazea et al., 
2010). 

Limitations of the current study include the following: 1) not all 
metabolites were matched to the software for PCA and pathway anal
ysis; 2) the pathway analysis was conducted using the chicken pathway 
library, which may vary from that of mourning doves; 3) the present 
study was of shorter duration than previous investigations examining 
the effect of HF diet in poultry; 4) doves were caught and housed in two 
separate groups separated by seven weeks; 5) doves were captured in an 
urban environment and so may have already been acclimated to 
consuming anthropogenic foods that are high in fat. This possibility is, 
however, unlikely because anthropogenic foods are typically diverse 
and commonly carbohydrate/starch dense (e.g., bread and fruit; Gal
braith et al., 2014); 6) mourning doves are granivorous and omnivorous, 
and so how the HF used here would affect birds that normally consume 
other diet types is unknown. Fatty acids are the predominant metabolic 
fuel used by omnivorous migratory species, such as mourning doves 
(Gannes, 2001; Guglielmo, 2010; Jenni-Eiermann et al., 2002) which 
may help explain the lack of significant effects of the HF diet on meta
bolic physiology in the current study. 

Overall, mourning doves appear to have remarkable ability to 
maintain homeostasis in response to consuming a high fat (60% kcal 
from fat) diet compared to a control diet. Future studies on this topic 
may improve our understanding of avian physiology and the potential of 
birds as negative, pathology-free models of mammalian diabetes. 
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