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Abstract: Unlike most animals, most bats cannot synthesize vitamin C endogenously. Consequently,
this vitamin must be obtained from the diet. Among the bat species, there are several food groups,
such as frugivorous, nectarivorous, insectivorous, and hematophagous. In this work, we measured
and compared vitamin C levels in different organs of four species of bats, all collected in southern
Brazil. When analyzing and comparing the levels of vitamin C in the four bat species, (regardless
of the organ), no significant differences were observed. However, when analyzing and comparing
the levels of vitamin C in the four organs (regardless of the species), significant differences were
observed, with the highest concentrations in the heart, followed by the liver and brain, while the
lowest concentration was measured in the kidneys. Additional differences in the levels of Vitamin
C were only observed when each organ was analyzed according to the species/diet. These results
indicate a high degree of metabolic homeostasis in bats despite the marked difference in the type
of diet.
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1. Introduction

L-ascorbic acid or vitamin C is an important nutrient necessary for a wide range
of metabolic processes [1-4]. Although most organisms synthesize vitamin C, a limited
number of mammalian species, primates of the suborder Haplorrhini (including humans
and apes), and bats (most species) are deficient in their ability to synthesize this vitamin
due to a lack of activity in the enzyme L-ascorbate gulonolactone oxidase (GULO), an
enzyme that catalyzes the last step of biosynthesis. Consequently, vitamin C must be
obtained from the diet, i.e., exogenously [5]. Among the bat species that do not synthesize
vitamin C, there are several food groups, such as frugivorous, nectarivorous, insectivorous,
and hematophagous.

Glossophaga soricina is a nectarivorous bat species distributed throughout South and
Central America. It has a fast metabolism and can feed on the nectar of flowers and floral
parts [6]. Sturnira lilium is a frugivorous bat species from South America (Brazil, Bolivia,
Paraguay, Uruguay, and Argentina) that has a high preference for fruits from the Solanaceae
family and a lower preference for fruits from the Moraceae, Piperaceae, and Bombanaceae
families [7]. Molossus molossus is an insectivorous bat species distributed throughout South
and Central America. This species can feed on a wide variety of insects but mainly prefers
Coleoptera. The common vampire bat Desmodus rotundus is a small bat native to South and
Central America and the only species that feeds on the blood of domestic cattle [8].
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These different bat species with different food groups need to obtain vitamin C from
their diet. While fruits and nectar have a high and medium content of vitamin C, respec-
tively, and are both reasonably accessible to the frugivorous and nectarivorous bat species,
what happens to the insectivorous and hematophagous bats with less access to this vitamin?
In addition, how is vitamin C distributed among the key organs of the body? To answer
these questions, the aim of this work was to measure and compare the levels of vitamin C
in different organs of four bat species that cannot synthesize this vitamin. All samples were
collected in southern Brazil, namely: G. soricina (nectarivorous), S. lilium (frugivorous), M.
molossus (insectivorous), and D. rotundus (hematophagous).

2. Material and Methods
2.1. Animals and Samples Collection

Thirty-nine adult male bats were captured between the summer of 2018 and the
winter of 2019 using dip nets, mist nets, or harp traps, depending on the type of shelter,
in southern Brazil (Table S1). The bat species captured were G. soricina (n = 10), S. lilium
(n =10), M. molossus (n = 10) and D. rotundus (n = 9). Capture happened at the beginning
of the night to ensure that all bats were fasted and so that food intake did not bias vitamin
C levels. The animals were euthanized after capture by intraperitoneal injection with a
combination of xylazine (10 mg/kg) and ketamine (60 mg/kg) to remove of all organs.
Organs were frozen in liquid nitrogen immediately and stored at —80 °C for further analysis
and testing.

2.2. Organ Processing

Brains, hearts, livers, and kidneys were manually macerated by Potter with a 30 mmol/L
phosphate buffer, 120 mmol/L KCl, 0.201 mmol/L PMSF 150 umol/L deferoxamine in pH 7.4
and centrifuged for 10 min, 14,000 x g. The supernatant was aliquoted and frozen at —80 °C
for later analyses and assays.

2.3. Vitamin C Assay

Vitamin C levels were measured by HPLC employing a reversed-phase column (SU-
PELCOSIL™ LC-18-DB HPLC column; 15 cm x 4.6 mm, 5 pm) using a mobile phase flow
rate of 1 mL/min in 30 mmol/L monobasic potassium phosphate (pH 3.6) and methanol
(9:1, v/v); samples were injected at a volume of 25 pL. The absorbance of the column
effluent was monitored at 254 nm [9].

2.4. Statistical Analysis and Data Normalization

To test for significant differences among sample grouping, nonparametric permutation-
based multivariate analysis of variance (PERMANOVA) with 999 permutations, followed
by a Bonferroni-corrected PERMANOVA pairwise comparison, was performed in PAST [10].
In addition, dendrogram analysis based on the Bray—Curtis dissimilarity metric was per-
formed. All results were normalized to protein concentration determined with the Bradford
method [11]. All assays in this study were independently performed in triplicate.

3. Results

When analyzing and comparing the levels of vitamin C in the four bat species, (re-
gardless of the organ), no significant differences were observed (Table 1).

However, when analyzing and comparing the levels of vitamin C in the four organs
(regardless of the species), significant differences were observed (Figure 1). The highest
concentrations of vitamin C were measured in the heart, followed by the liver and brain,
while the lowest concentration was measured in the kidneys (PFERMANOVA, df = 3,
MS = 624,765, F = 58.61, p < 0.0001) (Figure 1A). The dendrogram showed a clear grouping
of samples by organ according to the vitamin C levels (Figure 1B); only the liver presented
2 profiles: one grouping with brain samples and the other with the heart. This difference
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in liver profiles is due to the higher levels of vitamin C in the liver of insectivorous and
frugivorous bats, which makes them close to the levels of vitamin C in heart samples.

Table 1. Pairwise PERMANOVA test among the group of samples grouped according to bat species.
No significant difference was observed.

G. soricina S. lilium M. molossus D. rotundus
(Nectarivorous) (Frugivorous) (Insectivorous) (Hematophagous)
G. soricina (nectarivorous) 0.3234 0.3708 0.8576
S. lilium (frugivorous) 0.3234 0.9719 0.7154
M. molossus (insectivorous) 0.3708 0.9719 0.4864
D. rotundus (hematophagous) 0.8576 0.7154 0.4864
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Figure 1. Vitamin C levels in each tissue regardless of the bat species (A); error bars represent
the standard deviation of the mean; different letters represent statistical significance assessed by
PERMANOVA and pairwise test (corrected p-value < 0.05). Dendrogram clustering using Bray-Curtis
dissimilarity index (B); colors were used to differentiate the different tissues.

Vitamin C levels in each organ were analyzed and significant differences were observed
according to the bat species (PERMANOVA, df = 3, MS = 318,309, F = 24.49, p < 0.0001)
(Figure 2). The heart of the nectarivorous species presented significantly higher levels
of vitamin C compared to the other three species (Figure 2A). In the liver, significantly
higher levels were observed in frugivorous and insectivorous bats when compared to
nectarivorous and hematophagous bats (PERMANOVA, df = 3, MS = 394,172, F = 17.55,
p <0.0001) (Figure 2B). In the brains of the four bat species, no significant differences were
found in the levels of vitamin C (PERMANOVA, df =3, MS = 13,631, F = 1.53, p = 0.222)
(Figure 2C). In the kidneys, significantly higher levels were observed in the frugivorous
species (PERMANOVA, df = 3, MS = 4641, F = 33.93, p < 0.0001) (Figure 2D).
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Figure 2. Vitamin C levels in each tissue and bat species. Heart (A). Liver (B). Brain (C). Kidney
(D). Error bars represent the standard deviation of the mean; different letters represent statistical
significance assessed by PERMANOVA and pairwise test (corrected p-value < 0.05).

4. Discussion

In this work, we measured and compared vitamin C levels in different organs of four
species of adult male bats from different feeding groups (i.e., nectarivorous, frugivorous,
insectivorous, and hematophagous). In general, it is expected that the concentration of
vitamin C is higher in frugivorous and nectarivorous bats and lower in insectivorous and
hematophagous bats. This expectation is primary based on their feeding diets as high
concentrations of vitamin C are found mainly in fruits [12] but also in nectar [13,14]. On
the other hand, there are still doubts about whether insects synthesize vitamin C, although
some studies show the presence of this and other vitamins in Coleoptera, which is the main
food of M. molossus [15-17]. Also, hematophagous bats must acquire vitamin C from the
blood plasma of their prey, which is a particularly low source of vitamins. The presence of
cattle is common in the region where blood-sucking bats were collected, and we assume
that cattle are the food source for these bats.

It was surprising to find no significant differences in the level of vitamin C in these
quite distinct bat species. However, when analyzing and comparing the levels of vitamin
C in the four organs (regardless of the species), significant differences were observed,
which indicates a high degree of metabolic homeostasis. The homeostasis and absorption
of vitamin C in the body depends directly on the amount ingested and is regulated by
intestinal absorption, tissue accumulation and distribution, utilization and recycling rate,
and excretion [18]. The incorporation of this vitamin in tissues is due to sodium-vitamin C
transporters (SVCTs) with two isoforms: SVCT 1 and 2. The SVCT2 isoform seems to be the
most important for introducing ascorbate into tissues, except in red blood cells [19]. The
lethality of SVCT1 and SVCT2 knockout mice reveals the importance of both transporters
in vitamin C homeostasis [20].

Additional differences in the levels of vitamin C were only observed when each organ
was analyzed according to the species/diet. In this regard, bats are known to have a
high metabolism and heart rate [21], so we can assume that the distribution of vitamin
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C is mainly towards the heart, and even more so in the nectarivorous species since these
animals, such as hummingbirds, must maintain flight while feeding [22]. With the high
heart rate, oxidative damage could be generated and, to try to prevent or reduce it, the
distribution of this vitamin to this vital organ is prioritized.

Liver is the main organ where vitamin C is metabolized and stored, which explains
the high rates of this vitamin in the liver. Also, in the areas where the bats were collected,
plantations of Moraceae, Bromeliaceae, and Musaceae were observed. Such plantations use
pesticides, which may explain the higher levels of vitamin C in the liver of frugivorous and
insectivorous. When frugivorous and insectivorous bats feed on the fruits and insects in
these plantations, they may be incorporating pesticides, leading to a high burden on the
liver, the organ known for detoxifying xenobiotics [23,24]. Vitamin C could be involved in
the process of eliminating toxic free radicals and other reactive species, thus benefiting the
proper functioning of the liver in these species of bats. [25].

In the brain, vitamin C is an essential molecule. Beyond its antioxidant role, it also
has several other important functions, participating as a co-factor in several metabolic
pathways [26]. In mammals, the highest concentrations of vitamin C in the body are found
in the brain and neuroendocrine tissues [27]. However, the levels of vitamin C in bats were
found to be low when compared to the heart and liver. In addition, no difference was found
in its levels in the four brain species, indicating a strict regulation on keeping a regular and
low concentration of this vitamin in the brain of bats, regardless the type of diet.

The kidneys filter an excess of vitamins from the body, so low levels of vitamin C
are expected in this organ. The particularly higher levels of vitamin C in the kidneys
of frugivorous may be explained by the high levels of vitamin C in fruits, which may
exceed the necessary intake for bats and need to be filtered and eliminated from their body.
Indeed, the toxic effect of a high vitamin C supplementation in fruit bats have already been
reported [28].

In summary, the fact that these bat species do not present differences in the concentra-
tion of vitamin C, despite the marked difference in the type of diet, while keeping a high
degree of metabolic homeostasis, leads us to question which stage would be responsible
for these intriguing results: Would intestinal uptake be more efficient in animals with diets
containing lower concentrations of vitamins? Or would there be transporters present in the
tissues? These questions need to be answered in future studies. A better understanding
on the body homeostasis of vitamin C may shed new light on the functional roles of this
vitamin in animals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1ife12122121/s1. Table S1: Location and coordinates of each
sample collection site in Southern Brazil.

Author Contributions: D.A.M.C.: Organ collection and processing, analysis of results and writing.
F.D.P: organ collection and processing. M.J.R.P.: Collection of animals, identification of sex and
species. M.S.B.: Research orientation and writing. PH.R.: Analysis of results and writing. All authors
have read and agreed to the published version of the manuscript.

Funding: This work had the support of the Coordenagao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES), No. 88887.798411/2022-00.

Institutional Review Board Statement: This project was approved by the Ethics Committee on
Animal Use at the Federal University of Rio Grande do Sul (CEUA /UFRGS, No. 28645). In addition,
this work followed the guidelines of the Law of Procedures for the Scientific Use of Animals—Law
No. 11,794 and the Guidelines of the National Council for the Control of Animal Experimentation
(CONCEA), with a license for the collection of zoological material authorized in the SISBIO Biodi-
versity Information and Authorization System (No. 47202-1), National System for the Management
of Genetic Heritage and Associated Traditional Knowledge (SisGen) and National Council for the
Control of Animal Experimentation (No. 33339).

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/life12122121/s1
https://www.mdpi.com/article/10.3390/life12122121/s1

Life 2022, 12,2121 60f7

Data Availability Statement: Not applicable.

Acknowledgments: To the Graduate Program in Cellular and Molecular Biology (PPGBCM) at the
Federal University of Rio Grande do Sul (UFRGS).

Conflicts of Interest: The authors declare that there were no conflict of interest.

References

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Padh, H. Cellular functions of ascorbic acid. Biochem. Cell Biol. 1990, 68, 1166-1173. [CrossRef]

Padayatty, S.J.; Levine, M. Vitamin C: The known and the unknown and Goldilocks. Oral Dis. 2016, 22, 463-493. [CrossRef]
[PubMed]

Harrison, FE.; Dawes, S.M.; Meredith, M.E.; Babaev, V.R; Li, L.; May, ]. M. Low vitamin C and increased oxidative stress and cell
death in mice that lack the sodium-dependent vitamin C transporter SVCT2. Free Radic. Biol. Med. 2010, 49, 821-829. [CrossRef]
[PubMed]

Brabson, J.P.; Leesang, T.; Mohammad, S.; Cimmino, L. Epigenetic regulation of genomic stability by vitamin C. Front. Genet.
2021, 12, 675780. [CrossRef] [PubMed]

Cui, J.; Yuan, X.; Wang, L.; Jones, G.; Zhang, S. Recent loss of vitamin C biosynthesis ability in bats. PLoS ONE 2011, 6, e27114.
[CrossRef] [PubMed]

Lemke, T.O. Foraging ecology of the long-nosed bat, Glossophaga soricina, with respect to resource availability. Ecology 1984, 65,
538-548. [CrossRef]

Jacomassa, FA.F,; Bernardi, I.P; Passos, F.C. Seasonal diet variation, preferences and availability of resources consumed by
Sturnira lilium (E. Geoffroy St.-Hilaire, 1810) (Chiroptera: Phyllostomidae) in Brazilian seasonal deciduous forest. An. Acad. Bras.
Cienc. 2021, 93, €20201571. [CrossRef]

Mantovan, K.B.; Menozzi, B.D.; Paiz, L.M.; Seva, A.P; Brandao, PE.; Langoni, H. Geographic distribution of common vampire
bat Desmodus rotundus (Chiroptera: Phyllostomidae) shelters: Implications for the spread of rabies virus to cattle in Southeastern
Brazil. Pathogens 2022, 11, 942. [CrossRef]

Karatepe, M. Simultaneous determination of ascorbic acid and free malondialdehyde in human serum by HPLC-UV. LC-GC N.
Am. 2004, 22, 362-365.

Anderson, M.]. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 2001, 26, 32-46. [CrossRef]
Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef] [PubMed]

Fenech, M.; Amaya, L; Valpuesta, V.; Botella, M.A. Vitamin C content in fruits: Biosynthesis and regulation. Front. Plant Sci. 2019,
9, 2006. [CrossRef] [PubMed]

Silva, FA.; Guirgis, A.; Thornburg, R. Nectar analysis throughout the genus Nicotiana suggests conserved mechanisms of nectar
production and Bbiochemical action. Front. Plant Sci. 2018, 9, 1100. [CrossRef] [PubMed]

Horner, H.T.; Healy, R.A.; Ren, G.; Fritz, D.; Klyne, A.; Seames, C.; Thornburg, R.W. Amyloplast to chromoplast conversion in
developing ornamental tobacco floral nectaries provides sugar for nectar and antioxidants for protection. Am. J. Bot. 2007, 94,
12-24. [CrossRef] [PubMed]

Jedlicka, P.; Cvacka, J.; Slama, K. Juvenile hormone-stimulated synthesis of acyl-glycerols and vitamin E in female accessory
sexual glands of the fire bug, Pyrrhocoris apterus L. Arch. Insect Biochem. Physiol. 2009, 72, 48-59. [CrossRef] [PubMed]

Oonincx, D.; Finke, M.D. Nutritional value of insects and ways to manipulate their composition. J. Insects Food Feed. 2021, 7,
639-659. [CrossRef]

Krishnan, N.; Kodrik, D.; Kludkiewicz, B.; Sehnal, F. Glutathione-ascorbic acid redox cycle and thioredoxin reductase activity in
the digestive tract of Leptinotarsa decemlineata (Say). Insect Biochem. Mol. Biol. 2009, 39, 180-188. [CrossRef]

Lindblad, M.; Tveden-Nyborg, P.; Lykkesfeldt, J. Regulation of vitamin C homeostasis during deficiency. Nutrients 2013, 5,
2860-2879. [CrossRef]

Savini, I.; Rossi, A.; Pierro, C.; Avigliano, L.; Catani, M.V. SVCT1 and SVCT2: Key proteins for vitamin C uptake. Amino Acids
2008, 34, 347-355. [CrossRef]

Rivas, C.I; Zuniga, F.A.; Salas-Burgos, A.; Mardones, L.; Ormazabal, V.; Vera, J.C. Vitamin C transporters. ]. Physiol. Biochem.
2008, 64, 357-375. [CrossRef]

Wilhelm Filho, D.; Althoff, S.L.; Dafré, A.L.; Boveris, A. Antioxidant defenses, longevity and ecophysiology of South American
bats. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2007, 146, 214-220. [CrossRef] [PubMed]

Ingersoll, R.; Haizmann, L.; Lentink, D. Biomechanics of hover performance in Neotropical hummingbirds versus bats. Sci. Adv.
2018, 4, eaat2980. [CrossRef] [PubMed]

Calao-Ramos, C.; Gaviria-Angulo, D.; Marrugo-Negrete, J.; Calderén-Rangel, A.; Guzmén-Teran, C.; Martinez-Bravo, C.; Mattar,
S. Bats are an excellent sentinel model for the detection of genotoxic agents. Study in a Colombian Caribbean region. Acta Trop.
2021, 224, 106141. [CrossRef] [PubMed]

Cai, X.; Young, G.M.; Xie, W. The xenobiotic receptors PXR and CAR in liver physiology, an update. Biochim. Biophys. Acta Mol.
Basis Dis. 2021, 1867, 166101. [CrossRef]


http://doi.org/10.1139/o90-173
http://doi.org/10.1111/odi.12446
http://www.ncbi.nlm.nih.gov/pubmed/26808119
http://doi.org/10.1016/j.freeradbiomed.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20541602
http://doi.org/10.3389/fgene.2021.675780
http://www.ncbi.nlm.nih.gov/pubmed/34017357
http://doi.org/10.1371/journal.pone.0027114
http://www.ncbi.nlm.nih.gov/pubmed/22069493
http://doi.org/10.2307/1941416
http://doi.org/10.1590/0001-3765202120201571
http://doi.org/10.3390/pathogens11080942
http://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
http://doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://doi.org/10.3389/fpls.2018.02006
http://www.ncbi.nlm.nih.gov/pubmed/30733729
http://doi.org/10.3389/fpls.2018.01100
http://www.ncbi.nlm.nih.gov/pubmed/30105042
http://doi.org/10.3732/ajb.94.1.12
http://www.ncbi.nlm.nih.gov/pubmed/21642203
http://doi.org/10.1002/arch.20322
http://www.ncbi.nlm.nih.gov/pubmed/19557854
http://doi.org/10.3920/JIFF2020.0050
http://doi.org/10.1016/j.ibmb.2008.11.001
http://doi.org/10.3390/nu5082860
http://doi.org/10.1007/s00726-007-0555-7
http://doi.org/10.1007/BF03174092
http://doi.org/10.1016/j.cbpc.2006.11.015
http://www.ncbi.nlm.nih.gov/pubmed/17257902
http://doi.org/10.1126/sciadv.aat2980
http://www.ncbi.nlm.nih.gov/pubmed/30263957
http://doi.org/10.1016/j.actatropica.2021.106141
http://www.ncbi.nlm.nih.gov/pubmed/34562432
http://doi.org/10.1016/j.bbadis.2021.166101

Life 2022, 12,2121 70of7

25.  Arrigoni, O.; De Tullio, M.C. Ascorbic acid: Much more than just an antioxidant. Biochim. Biophys. Acta. 2002, 1569, 1-9.
[CrossRef] [PubMed]

26. Travica, N.; Ried, K.; Sali, A.; Scholey, A.; Hudson, I; Pipingas, A. Vitamin C status and cognitive function: A systematic review.
Nutrients 2017, 9, 960. [CrossRef]

27. Harrison, EE.; May, ].M. Vitamin C function in the brain: Vital role of the ascorbate transporter SVCT2. Free Radic. Biol. Med. 2009,
46,719-730. [CrossRef]

28. Crawshaw, G.; Oyarzun, S.; Valdes, E.; Rose, K. Hemochromatosis (Iron Storage Disease) in Fruit Bats. In Proceedings of the First
Conference on Zoo and Wildlife Nutrition, AZA Nutrition Advisory Group, Scarborough, OT, USA, 1 May 1995.


http://doi.org/10.1016/S0304-4165(01)00235-5
http://www.ncbi.nlm.nih.gov/pubmed/11853951
http://doi.org/10.3390/nu9090960
http://doi.org/10.1016/j.freeradbiomed.2008.12.018

	Introduction 
	Material and Methods 
	Animals and Samples Collection 
	Organ Processing 
	Vitamin C Assay 
	Statistical Analysis and Data Normalization 

	Results 
	Discussion 
	References

