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Abstract

Vocal folds are a viscoelastic multilayered structure responsible for voice production. Vocal

fold epithelial damage may weaken the protection of deeper layers of lamina propria and

thyroarytenoid muscle and impair voice production. Systemic dehydration can adversely

affect vocal function by creating suboptimal biomechanical conditions for vocal fold vibra-

tion. However, the molecular pathobiology of systemically dehydrated vocal folds is poorly

understood. We used an in vivo rabbit model to investigate the complete gene expression

profile of systemically dehydrated vocal folds. The RNA-Seq based transcriptome revealed

203 differentially expressed (DE) vocal fold genes due to systemic dehydration. Interest-

ingly, function enrichment analysis showed downregulation of genes involved in cell adhe-

sion, cell junction, inflammation, and upregulation of genes involved in cell proliferation. RT-

qPCR validation was performed for a subset of DE genes and confirmed the downregulation

of DSG1, CDH3, NECTIN1, SDC1, S100A9, SPINK5, ECM1, IL1A, and IL36A genes. In

addition, the upregulation of the transcription factor NR4A3 gene involved in epithelial cell

proliferation was validated. Taken together, these results suggest an alteration of the vocal

fold epithelial barrier independent of inflammation, which could indicate a disruption and

remodeling of the epithelial barrier integrity. This transcriptome provides a first global picture

of the molecular changes in vocal fold tissue in response to systemic dehydration. The alter-

ations observed at the transcriptional level help to understand the pathobiology of dehydra-

tion in voice function and highlight the benefits of hydration in voice therapy.

Introduction

Vocal folds are a viscoelastic multilayered structure located in the larynx composed of a strati-

fied squamous epithelium and lamina propria overlying the thyroarytenoid muscle [1, 2]. The

epithelium is the outermost layer of the vocal fold and, together with the mucus, is the first bar-

rier to protect the vocal folds from insults [3, 4]. It serves as an essential defense mechanism,
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and its association with voice health has become more understood over the past two decades

[5–8]. The epithelial physical barrier is sustained by cell junctions, comprising tight junctions,

adherens junctions, desmosomes, hemidesmosomes, and gap junctions. Cell junctions main-

tain tissue integrity by holding adjacent cells together and by anchoring the basal cell layer to

the extracellular matrix; in addition, they regulate the paracellular transport of water and sol-

utes [9, 10]. The maintenance of the epithelial barrier depends on the cell junction formation,

distribution, and stability. Common, everyday insults, including irritants such as pollutants

and laryngopharyngeal reflux (LPR), phonotrauma, and surgical procedures may cause epithe-

lial barrier dysfunction, weakened vocal fold defense, and impaired voice production [6, 7,

11–16].

Maintaining hydration levels remains a core recommendation by voice specialists to sustain

optimal vocal fold health and to prevent voice disorders such as vocal fatigue [17–22]. Systemic

dehydration is characterized by reduced fluid within the body and can have many causes as

simple as decreased water consumption and increased physical activity to more severe body

fluid losses as a consequence of vomiting and diarrhea [23–27]. Experimentally, systemic

dehydration is commonly induced by water withholding, with or without food access, or use

of diuretics, or a combination of both [28–33]. Furosemide is a diuretic with a relatively fast

onset of action that has been used to induce dehydration in numerous studies with animal and

human subjects [25, 30, 34–38]. Regarding hydration and vocal folds, studies completed ex
vivo and using animal and human subjects have shown that surface (i.e., fluid coating the vocal

fold surface) and systemic hydration status have impacts on vocal fold biomechanics and phys-

iology [12, 21, 30, 32, 39]. Although these studies provide some evidence on the benefits of

hydration on vocal health, the impact of dehydration on laryngeal biology is still not fully elu-

cidated [40]. Thus, unraveling the molecular mechanisms of dehydration is highly desired

to support and possibly improve and personalize the standard clinical recommendation of

increased hydration of the vocal folds [21, 22].

There is a paucity of molecular studies on vocal fold biology using in vivomodels, with a

number of studies analyzing the expression of specific genes or proteins based on their pre-

dicted functions rather than looking at the whole expression profile [41–44]. Despite the

increase of publications on vocal folds transcriptome (microarray or RNA sequencing-based)

and proteome analysis, most of the published studies are focused on investigating the expres-

sion profiles of challenged vocal fold fibroblasts alone [45–50] or normal mucosa [51]. A com-

prehensive investigation of the pathobiology of vocal fold tissue in response to insults has yet

to be explored.

The first step to unveil the underlying mechanisms of vocal fold response to a given chal-

lenge is to apply a high-throughput approach to identify global molecular signatures instead of

investigating the effect of single genes or proteins. Second, the analysis of the entire tissue

would help to understand the role of each vocal fold layer in the presence of such challenge.

And last but not least, the use of an in vivomodel would reflect the response of the tissue inter-

acting with the system as a whole. These three steps combined would provide a physiologically

realistic picture of the impact of a targeted condition in the vocal fold biology.

RNA sequencing (RNA-Seq) is a high-throughput technique based on deep-sequencing

technology widely used to analyze gene expression nowadays [52]. In contrast to the hybridiza-

tion-based microarray technique, RNA-Seq determines the sequence of each cDNA in a given

sample. Moreover, RNA-Seq does not have the limitations of high background noise and

lower dynamic range of detection due to background and saturation of signals seen on micro-

arrays [52–54]. We hypothesized that systemic dehydration causes transcriptional changes in

genes related to structure and biomechanical properties, responsible for optimal vocal fold

function, in the different tissue layers of the vocal folds. Thus, our study aimed to apply the
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RNA-Seq approach to evaluate the effects of systemic dehydration in vocal fold tissue at the

transcriptional level. To obtain physiologically realistic and translatable results, we used an in
vivo animal model. Rabbit vocal fold has been used as a translational model for phonation and

wound healing studies [55–59]. Therefore, we used rabbits treated with furosemide to stimu-

late body fluid loss as an in vivomodel of acute systemic dehydration. The complete transcrip-

tome of vocal fold tissue from dehydrated rabbits was compared to vocal folds from control

animals treated with saline. We present herein the differentially expressed gene profile of sys-

temically dehydrated vocal folds, which is marked by the downregulation of cell adhesion

components. This transcriptome dataset is a new resource to explore the vocal fold’s molecular

mechanisms in response to systemic dehydration and to understand the clinical recommenda-

tion of hydration therapy at a deeper level.

Materials and methods

Animals and study design

This study followed all recommendations in the Guide for the Care and Use of Laboratory

Animals of the National Institutes of Health. The animal protocol was approved by the Purdue

Animal Care and Use Committee under the number 1606001428.

Fourteen 6-month-old male New Zealand White rabbits, acquired from Covance Inc. (New

Jersey, USA), were subjects in this study. Rabbits were kept in individual perforated solid-bot-

tom cages, with enrichment toys, in optimal temperature (15–20˚C) and humidity-controlled

(~40%) room with a 12h light/12h dark schedule at Purdue University animal facility during

the study. Individual housing is recommended for male rabbits, which should be separated

from other males at sexual maturity (12 to 14 weeks) to avoid aggressive behavior, but maintain-

ing visual and olfactory contact with other rabbits (https://www.nc3rs.org.uk/3rs-resources/

housing-and-husbandry/rabbits) [60]. Socialization training, consisting of food enrichment

(hay) and human interaction (petting) was part of the acclimatization protocol to reduce stress

for the rabbits and facilitate animal handling at the time of the study [61]. Animals were fed

Teklad Global Rabbit Diet 2031 (Envigo, Madison, WI, USA) and hay and received water ad
libitum until the day of the experiment. After one week of acclimation, animals were randomly

divided into control (N = 6) and dehydrated (N = 8) groups. To reduce variability in the base-

line hydration levels, all animals were pre-hydrated with 0.1 M sucrose solution for 48h prior to

the experiment. Sucrose water is preferred over regular drinking water in rabbits [62]. The aver-

age body weight of all rabbits on the day of the experiment was 3.44 Kg (range of 3.04 to 3.89

Kg). To induce systemic dehydration of 5% body weight fluid loss (accepted range of 4.5–5.5%),

rabbits received an IP injection of 5.0 mg/Kg of furosemide (50 mg/mL) (Salix Pharmaceuticals,

Inc., Bridgewater Township, NJ, USA) and food and water were withheld. Control rabbits

received IP injection of saline, to prevent animal handling from being a confounding variable

and an unwanted source of variation between groups, and had access to food and water ad libi-
tum. The volume of injectates was on average 0.34 mL/rabbit per IP injection. Dehydrated rab-

bits were weighed hourly after the furosemide injection. Rabbits received a second injection if

body weight loss was less than 4% after 4 hours based on a pilot study where we observed that

animals decreased or ceased urination frequency after 4 hours from first furosemide adminis-

tration. Euthanasia was completed when dehydrated rabbits achieved 4.5–5.5% body weight

loss (after ~3 to 6 h); control rabbits were euthanized immediately after dehydrated rabbits.

Blood collection and analyses

Whole blood samples were collected into heparinized tubes prior to IP injection and before

euthanasia to evaluate systemic dehydration markers such as hematocrit (HCT), total plasma
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proteins (TPP; g/dL), plus eleven blood analytes incorporated in the i-STAT Chem8+ cartridge

(Abaxis by Zoetis Inc., Parsippany-Troy Hills, NJ, USA). The blood analytes evaluated

included creatinine (mg/dL), blood urea nitrogen (BUN; mg/dL), glucose (mg/dL), sodium

(mmol/L), chloride (mmol/L), potassium (mmol/L), total CO2 (mmol/L), ionized calcium

(iCa; mmol/L), anion gap (mmol/L), HCT (%), and hemoglobin (g/dL). Packed cell volume

(PCV) was also measured using heparinized microhematocrit capillary tubes (Thermo Fisher

Scientific, Waltham, MA, USA) centrifuged at 15,000 × g for 2 minutes and immediately veri-

fied using a microhematocrit reader card. TPP was assessed on the plasma using a Reichert0s

VET 360 refractometer (Ametek Reichert Technologies, Depew, NY, USA). The blood analyte

values were recorded pre and post-dehydration. Percentage change of the blood parameters

was calculated as final value (post-dehydration)–initial (baseline)/ initial�100, and compared

between groups to verify systemic dehydration.

Vocal fold collection and RNA extraction

The larynges and proximal trachea of each rabbit were excised immediately following euthana-

sia (1.0 mL IV dose of Beuthanasia-D Special, Schering Plough Animal Health Corp. Union,

NJ, USA) and placed in a Petri dish on ice. Forceps held each larynx at the level of the trachea.

A sagittal cut through the cricoid cartilage along the posterior surface of the larynx exposed

the vocal fold mucosa. The edges of the opened larynx were pinned onto a wax surface and

placed under a dissection microscope. Arytenoid cartilages identified the transverse level of

the glottis where the vocal folds reside in the larynx. The soft tissue of the vocal fold (mucosa

and thyroarytenoid muscle) was excised bilaterally and in its full depth until reaching the thy-

roid cartilage on the anterior surface using microdissection scissors. Two sections of approxi-

mately 3 mm length X 2 mm depth were immediately placed into sterile tubes containing

RNAlater1 Stabilization Solution (Invitrogen™ by Thermo Fisher Scientific) and stored at

-80˚C until RNA extraction. The entire microdissection procedure was accomplished in about

5 minutes per larynx. Total RNA was extracted using RNeasy Fibrous Tissue Mini Kit, includ-

ing on-column DNAse I digestion step (QIAGEN, Hilden, Germany), following manufactur-

er’s instructions. The concentration and quality of RNA were assessed by spectrophotometry

(NanoDrop™, Thermo Fisher Scientific) and Agilent 2100 Bioanalyzer with an Agilent RNA

6000 Nano Kit (Agilent Technologies, Inc., Santa Clara, CA, USA).

RNA sequencing and differential gene expression analysis

Ten vocal fold samples (4 control and 6 dehydrated) were used for RNA sequencing (RNA--

Seq). All RNA samples had an RNA Integrity Number (RIN) of 7.3 or higher (Agilent 2100

Bioanalyzer). Library construction (RNA polyA) and RNA-Seq were performed by the Purdue

Genomics Core Facility using Illumina NovaSeq (Illumina Inc., San Diego, CA, USA). Briefly,

the Universal Plus mRNA-Seq with NuQuant library preparation kit (NuGEN Technologies,

Inc., Tecan Group Ltd., Männedorf, Switzerland) was used to construct the libraries (200 ng of

RNA/library) as directed by the kit manual, except that the RNA fragmentation was performed

for 4 minutes, instead of 8 minutes to favor the generation of somewhat larger cDNA frag-

ments. RNA-Seq was generated on an Illumina NovaSeq™ 6000 Sequencing System (Illumina)

using a S4 flow cell and 300 cycles paired-end (2x150) chemistry.

The Bioinformatics Core Facility at Purdue University performed the differential gene expres-

sion analysis. Sequence quality assessment and trimming was done using FastQC (v 0.11.7)

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and FASTX-Toolkit (v 0.0.14)

(http://hannonlab.cshl.edu/fastx_toolkit/), respectively. Bases with a Phred33 score of less than

30 were removed, and the resulting reads with at least 50 bases of length were retained. The
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quality trimmed reads were mapped against the reference genome ofOryctolagus cuniculus
breed Thorbecke inbred, OryCun2.0/ENSSEMBL 95 (GenBank assembly accession:

GCA_000003625.1) using STAR (v 2.5.4b) [63]. STAR mapping (bam) files were used for the

analysis of differential gene expression by the Cuffdiff from Cufflinks (v 2.2.1) suite of programs

[64]. Cuffdiff uses bam files to calculate Fragments per kilobase of exon per million fragments

mapped (FPKM) values, from which differential gene expression between the pairwise compari-

sons (dehydrated versus control vocal folds) can be established. Gene annotation was retrieved

from BioMart databases using biomartr package in ‘R’ (v 3.5.1; http://www.r-project.org/).

Gene functional annotation and protein interaction network

Functional annotation of the differential expressed (DE) genes identified in the dehydrated

group (with p�0.05) was determined using the bioinformatics tool DAVID (v6.8) [65, 66]

based on Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway enriched terms (https://www.genome.jp/kegg/pathway.html). GO terms were

obtained from GO FAT enrichment annotation, which filters out very broad GO terms based

on measured specificity of each term.

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) v.11.0 database was

used to determine protein-protein interactions using the DE genes as input in order to visual-

ize the relationship between these gene products based on different evidence levels including

text-mining (co-mentioned in PubMed), experiments, curated databases, co-expression,

neighborhood, gene fusion, and co-occurrence (https://string-db.org/). The interaction score

(0 to 1) given by STRING represents an approximate confidence of the association between

two proteins being true based on all the available evidence levels, and not the specificity or

strength of an interaction [67].

RNA-Seq validation by RT-qPCR

Primer pairs for qPCR were designed using Primer-BLAST tool [68] and selected for at least

one primer of each pair to span an exon-exon junction to avoid amplification of residual geno-

mic DNA (Table 1). A two-step reverse transcriptase quantitative PCR (RT-qPCR) was per-

formed with SuperScript™ IV VILO™ Master Mix (Invitrogen™) for cDNA synthesis using 500

ng of total RNA per sample in a final reaction of 20 μL, following the manufacturer’s protocol.

Then, cDNA reactions were 10-fold diluted with RNAse/DNA-free water and added as 10%

of the final qPCR volume (2.5 μL in 25 μL). The qPCR was run in triplicate per sample in a

96-well PCR plate using Power SYBR1 Green PCR Master Mix (Applied Biosystems™ by

Thermo Fisher Scientific), with a final concentration of 100 nM of each primer per reaction.

The thermal cycling parameters for AmpliTaq Gold1DNA Polymerase were: 95 ˚C for 10

min; 40 cycles of 95 ˚C for 15 sec, and 60 ˚C for 1 min; and melt curve stage of 95 ˚C for 15

sec, 60 ˚C for 1 min, 95 ˚C for 1 sec. Reactions were carried out in a QuantStudio™ 3 Real-

Time PCR System (Applied Biosystems™). A No-RT control containing RNA but no reverse

transcriptase enzyme, and negative control with water instead of template were run in tripli-

cate for each pair of primers on the qPCR plates. The relative expression level of each target

gene was calculated with the 2−ΔΔCT method [69] using hypoxanthine phosphoribosyl-trans-

ferase 1 (HPRT1) as normalizer. All qPCR reactions had a single peak on the melt curve, verify-

ing the amplification of a unique PCR product.

Statistical analysis for hematologic and RT-qPCR data

Statistical analysis was performed using one-tailed Welch’s t-test for the RT-qPCR data

and Mann-Whitney nonparametric test for hematologic analytes to compare control
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versus dehydrated group. Grubbs’ test was used to identify and remove outliers of each

RT-qPCR pairwise analysis. All tests were executed with GraphPad Prism (version 6.0e

for Mac). Differences between groups were considered statistically significant when p-value

� 0.05.

Results

In vivo systemic dehydration model

Rabbits reached an average of 4.8% dehydration, based on body weight fluid loss, within 3 to 6

hours after 1 or 2 injections of furosemide. We aimed for a 5% body weight dehydration to

translate our findings to a level of mild-moderate dehydration reported in the literature [24,

33, 70]. Control rabbits had a range of body weight loss of 0.2–1.8% (mean = 0.9%) caused by

regular urination and bowel movement, and possibly by reduced food and water consumption

due to handling stress (Fig 1A; p = 0.0003). The % changes in PCV, hemoglobin, and TPP

were significantly different between control and dehydrated rabbits, with post-dehydration

values consistently higher on the dehydrated group (Fig 1B). PCV values obtained by centrifu-

gation and HCT obtained from the iSTAT were similar and had the same p-value on Mann-

Whitney comparison analyses (p = 0.0003). In addition, blood creatinine and BUN % changes

were significantly higher in the dehydrated rabbits compared to controls (Fig 1C). Sodium and

chloride % changes in the blood were also significantly different between groups; however,

post-dehydration levels in the dehydrated group were lower (Fig 1D), consistent with the

furosemide mechanism of action that inhibits Na+ and Cl− reabsorption [37]. The remaining

blood analytes (glucose, potassium, total CO2, iCa, and anion gap) tested by iSTAT blood ana-

lyzer did not change between groups. A summary of the Mann-Whitney results of all blood

analytes is shown in S1 Table.

Table 1. Quantitative PCR primers for RNA-Seq validation.

Gene symbol Gene name Forward (5’ - 3’) Reverse (5’ - 3’) Amplicon length (base

pairs)

HPRT1� hypoxanthine phosphoribosyl-transferase 1 GATGGTCAAGGTCGCAAGCC TCCAACAAAGTCTGGCCTGT 73

DSG1 desmoglein 1 TCCTGCTGGCATCGGATTAC ATAGTGGCCAAACCAGTGGG 195

CDH3 cadherin 3 TGACAACCAAGAGGGGCTTG ATCCTCTACGTGGACCACCA 131

CLDN7 claudin 7 TACGACTCTGTGCTCGCCCT CAGCAAGACCTGCCACGATGAA 199

NECTIN1
(PVRL1)

nectin cell adhesion molecule 1 AGTACCACTGGACCACGCTG AGGAGACGGGGTGTAGGGAA 191

CAMSAP3 calmodulin regulated spectrin associated protein

family member 3

GCCCGAGTACACAGGTCCTC CGTGTACAGGGCTCGGAACT 211

PLEKHA7 pleckstrin homology domain containing A7 CAATGAGGAGGCGGCTACGA GGCTCCACCCACCAGAGTTT 111

ECM1 extracellular matrix protein 1 GGCAGCCATCCCCGAACAA GGGAGCTGGCTCTTCTTCTGT 214

SDC1 syndecan 1 GGGAGCCGGACTTCACTTTC GCTGCCTTCGTCCTTCTTCT 236

GJB2 Gap junction protein beta 2 TTGGGGTGCGTGAGTGATGT CTGCGCTTGCCACCAGTAAC 78

S100A9 S100 calcium binding protein A9 CCTCAAGAAGGAGGCGAGGG AGCTGCTTGTCCTGGTTCGT 78

SPINK5 serine peptidase inhibitor, Kazal type 5 TGTGGAGATGATGGCCAGACG ATTTGTCAGATGCAGGCAGGC 154

NR4A3 (NOR1) nuclear receptor subfamily 4 group A member 3 TTCTGACGGCCTCCATTGAC AGCAGTGTTCGACCTGATGG 149

IL1A interleukin 1 alpha ATCTGGGCGATGCAGTGAAA CCTGGGTGTCTCAGGCATTT 158

IL36A interleukin 36 alpha CAGGTGTGGGTCGTTCAGGA GCTAACAGTGGCTGGAACCAT 75

�HPRT1 was used as the endogenous control to calculate the relative expression levels of each tested gene.

https://doi.org/10.1371/journal.pone.0236348.t001
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Dehydrated vocal folds transcriptome

RNA-Seq data files were submitted to Gene Expression Omnibus (GEO, NCBI, https://www.

ncbi.nlm.nih.gov/geo/) data repository under the accession number GSE132765. The average

of total reads pair generated was 90,680,466 per sample, with more than 99% of read pairs pass-

ing quality control for all ten samples. A summary of the quality and mapping statistics of the

reads of each vocal fold sample is provided in S2 Table.

A total of 23,669 genes were identified in both transcriptomes of control and systemic dehy-

drated rabbits, including genes expressed in muscle, lamina propria, and epithelium. Among

these, 203 protein-coding genes were identified as differentially expressed (DE) in the vocal

folds of dehydrated rabbits using the Cuffdiff method with p� 0.05. Based on fold change, 152

DE genes were found downregulated in contrast to 51 upregulated. Only 12 out of these 203

DE genes have unknown products (S3 Table). DAVID functional annotation analysis recog-

nized 185 out of 203 gene IDs; the remaining 18 were unmapped on the DAVID database.

Functional classification of these genes based on GO terms FAT annotation and KEGG path-

way enrichment analysis revealed 161 biological terms, divided into biological process (BP;

121 terms), cellular component (CC; 20 terms), molecular function (MF; 18 terms), and

KEGG pathway (2 terms), with at least two DE genes per enriched term, and certain genes

listed under multiple terms (Fig 2A and S4 Table). A number of the DE genes identified herein

are related to epithelial processes, which directed the focus of the study to the vocal fold epithe-

lium layer.

Fig 1. Systemic dehydration markers. Systemic dehydration was verified by body weight loss and blood markers. (A) Body weight loss in the control

and dehydrated groups. (B) Percent changes in packed cell volume (PCV), hemoglobin, and total plasma proteins (TPP) in the control and dehydrated

groups. (C) Percent changes in blood creatinine and blood urea nitrogen (BUN) levels in control and dehydrated groups. (D) Percent changes in blood

sodium and chloride levels in control and dehydrated groups. Bars show mean ± SEM. ���p-value� 0.001; ��p-value� 0.01; �p-value� 0.05.

https://doi.org/10.1371/journal.pone.0236348.g001
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RT-qPCR validation

Fourteen genes were selected for qPCR validation based on RNA-Seq fold change� ±1.9 and

biological enrichment functions including cell adhesion (GO:0007155), epithelial cell differen-

tiation (GO:0030855), inflammatory response (GO:0006954), epithelial cell proliferation

(GO:0050673), zonula adherens maintenance (GO:0045218), cell junction (GO:0030054), cell

adhesion molecules (CAMs) (ocu04514), among others (Fig 2B).

The DE genes tested comprise 13 downregulated genes in the dehydrated vocal fold group:

eight cell junction-related genes, including desmoglein 1 (DSG1), cadherin 3 (CDH3), claudin

7 (CLDN7), nectin cell adhesion molecule 1 (NECTIN1), syndecan 1 (SDC1), calmodulin regu-

lated spectrin associated protein family member 3 (CAMSAP3), pleckstrin homology domain

containing A7 (PLEKHA7), and gap junction protein beta 2 (GJB2); two genes members of epi-

dermal differentiation complex, S100 calcium-binding protein A9 (S100A9) and serine pepti-

dase inhibitor, Kazal type 5 (SPINK5); two pro-inflammatory cytokines, interleukin 1 alpha

(IL1A) and 36 alpha (IL36A), and the extracellular matrix protein 1 (ECM1) gene. In addition,

the transcription factor nuclear receptor subfamily 4 group A member 3 (NR4A3) gene was

chosen due to its association with the biological process of epithelial cell proliferation and its

fold change of +23, indicating upregulation in the dehydrated group. The enriched functional

terms and associated DE genes selected for RT-qPCR validation are shown in Fig 2C.

Differential expression of 10 out of 14 genes tested was validated by qPCR: DSG1, CDH3,

NECTIN1, SDC1, S100A9, SPINK5, ECM1, IL1A, IL36A, and NR4A3 (Fig 3). The remaining

Fig 2. Functional classification of differentially expressed genes (DEG) in dehydrated vocal folds by GO terms and KEGG pathway enrichment

analysis. (A) Number of enriched functional terms and total annotated DEG (in parenthesis) in each main category of biological process (BP), cellular

component (CC), molecular function (MF), and KEGG pathway using DAVID analysis. (B) Enriched terms selected for further validation of DEG. Bars

represent the total number of DEG per functional term. (C) DEG tested by RT-qPCR in each selected functional term. �S100A8 represents S100A9,

which was tested by qPCR but not mapped by DAVID analysis; both share the same functions. The complete list of 161 enriched terms by functional

category with associated DE genes is provided in S4 Table.

https://doi.org/10.1371/journal.pone.0236348.g002
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four genes identified as downregulated in the dehydrated group by RNA-Seq analysis were not

statistically different from the control group by qPCR despite showing a trend of downregula-

tion (S1 Fig). The qPCR data analysis is summarized in Table 2.

Predicted protein interactions for the differentially expressed genes

STRING database was used to predict interactions between proteins encoded by the DE genes

identified in the dehydrated group. Within the 203 DE genes identified, 117 showed predicted

protein-protein interactions. Applying MCL clustering with a default inflation parameter of

three [71], interactions were divided into 39 clusters with at least two proteins in each cluster,

with direct associations (solid lines), indirect or inter-cluster associations (dashed lines).

Twelve out of 14 proteins encoded by the DE genes tested by qPCR showed associations with

each other or other proteins in the network (Fig 4). The products of NECTIN1 and NR4A3 did

not show associations with other proteins in the network based on the evidence levels available

on the STRING database.

Discussion

Increasing systemic and superficial hydration are common clinical recommendations in the

field of voice therapy to sustain healthy vocal folds and to prevent voice disorders [20, 22, 72,

Fig 3. RT-qPCR quantification of relative expression levels of selected differentially expressed genes in dehydrated vocal folds. The differential

expression of 10 genes in dehydrated vocal folds identified by RNA-Seq was validated by RT-qPCR. (A) Cell junction-related genes: desmoglein 1

(DSG1), cadherin 3 (CDH3), nectin cell adhesion molecule 1 (NECTIN1), and syndecan 1 (SDC1). (B) Epidermal differentiation-related genes: S100

calcium-binding protein A9 (S100A9) and serine peptidase inhibitor, Kazal type 5 (SPINK5). (C) Extracellular matrix protein 1 (ECM1) gene. (D) Pro-

inflammatory cytokine genes: interleukin 1 alpha (IL1A) and 36 alpha (IL36A). (E) Transcription factor nuclear receptor subfamily 4 group A member

3 (NR4A3) gene. The gene expression levels of the control group were set to 1, and relative expression levels were calculated relative to theHPRT1 gene

using the method 2-ΔΔCt. Bars show mean ± SEM. �p-value� 0.05. The detailed results of the qPCR analysis are listed in Table 2.

https://doi.org/10.1371/journal.pone.0236348.g003
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73]. The beneficial effects of hydration and adverse consequences of dehydration on vocal fold

physiology are fairly documented, particularly on phonatory threshold pressure, a measure of

voice function [17, 18, 21, 30, 40, 73]. However, the pathobiology of systemic dehydration in

this tissue is poorly understood. In our study, an in vivo systemic dehydration model using

rabbits was developed to analyze the transcriptome of vocal folds in response to systemic dehy-

dration. The rabbits received furosemide IP injection to induce systemic dehydration; furose-

mide alone or a combination with water withholding to study different effects of dehydration

in rabbits are reported in the literature [29, 34]. Systemic dehydration was verified by body

weight loss (4.8% average) and significant changes in the level of blood analytes compared to

the control group. The higher values of PCV, hemoglobin, TPP, creatinine, and BUN post-

dehydration are consistent with increased concentration of these analytes in the blood due to

water loss in the urine stimulated by furosemide [74]. As expected, the post-dehydration levels

of sodium and chloride in the blood of dehydrated rabbits decreased compared to baseline lev-

els reflecting the mechanism of action of furosemide. As other loop diuretics, furosemide acts

on the loop of Henle in the renal tubules inhibiting sodium and chloride reabsorption by bind-

ing to one of the Cl−binding sites of the Na+-K+-2Cl− cotransporter [37, 75]. In contrast, con-

trol rabbits, which received saline as a sham-injection, lost an average of 0.9% body weight

and did not show changes in the levels of blood analytes pre and post-injection. These results

together validate our model of acute systemic dehydration.

We used this in vivo rabbit model to investigate the transcriptional changes in vocal folds

due to systemic dehydration. The RNA-Seq based transcriptome of dehydrated vocal folds

revealed 152 downregulated and 51 upregulated genes. The functional classification of these

DE genes was further explored to better understand the molecular impact of dehydration.

Enrichment analysis using GO and KEGG annotations revealed 161 functional terms. We

then focused on biological functions previously related to changes observed in vocal folds in

response to other insults. These functions include cell adhesion, cell junction, epithelial cell

proliferation, and inflammatory response, and are discussed below.

Table 2. Summary of qPCR results of selected differentially expressed genes in vocal folds of systemic dehydrated

rabbits compared to controls.

Gene symbol RNA-Seq fold change qPCR fold change qPCR p-value�

DSG1 -1.99 -2.37 0.0485

CDH3 -2.32 -2.86 0.0224

CLDN7 -1.95 -1.60 0.0704; ns

NECTIN1 -2.23 -1.89 0.0394

CAMSAP3 -1.97 -1.66 0.0754; ns

PLEKHA7 -1.99 -2.23 0.0541; ns

ECM1 -2.16 -2.35 0.0191

SDC1 -2.19 -1.97 0.0374

GJB2 -2.83 -1.80 0.0854; ns

S100A9 -6.63 -4.14 0.0398

SPINK5 -2.75 -2.39 0.0357

NR4A3 (NOR1) +23.76 +7.92 0.0136

IL1A -3.65 -12.72 0.0368

IL36A -2.92 -2.37 0.0381

Negative and positive values of fold change indicate downregulation and upregulation of gene expression,

respectively.

�Exact p-value of One-tailed Welch0s t-test. ns: non-significant p-value.

https://doi.org/10.1371/journal.pone.0236348.t002
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Our results suggest a perturbation in the vocal fold epithelium after an induced mild level

of systemic dehydration [33] evidenced by the downregulation of 15 genes related to cell adhe-

sion as well as 16 genes associated with cell junction in the transcriptome of the dehydrated

group. Eight of these genes are involved in both cell adhesion and junction functions, and four

were validated by qPCR, including DSG1, CDH3, NECTIN1, and SDC1. DSG1 gene encodes

the desmosomal cadherin desmoglein 1, an intercellular adhesion molecule localized primarily

within the suprabasal epithelial layers. Desmoglein 1 is involved in maintaining epithelial

homeostasis by regulating cell adhesion and supporting epithelial cell differentiation [76].

Cadherins and nectins, such as cadherin 3 (CDH3) and nectin 1 (NECTIN1), are components

of epithelial adherens junctions, which are dynamic structures that undergo low and large-

scale remodeling by substitution of adhesion molecules or disruption and reformation of

Fig 4. STRING protein-protein interaction clusters for the differentially expressed (DE) genes identified in the vocal folds of systemically

dehydrated rabbits. A total of 117 differentially expressed (DE) genes had predicted protein-protein interactions. Each node represents a protein

encoded by a DE gene. Network settings were: meaning of network clusters based on confidence (how many association evidences between proteins);

minimum interaction score of 0.4 (medium confidence). Nodes with no predicted interactions were omitted from the network.

https://doi.org/10.1371/journal.pone.0236348.g004
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intercellular junctions [77]. Whether the downregulation of CDH3 and NECTIN1 genes in

dehydrated vocal folds represent a remodeling without disrupting the intercellular adhesions

or a junctional rearrangement impacting the epithelial integrity needs further investigation.

Adherens junction and tight junction molecules are essential for the maintenance of the laryn-

geal epithelium structure, contributing to the protection and functional activity of this tissue

[78]. Moreover, desmosomes are crucial for the integrity of tissues that undergo constant

mechanical stress as do vocal folds [79, 80]. Interestingly, the literature reports alterations in

the laryngeal epithelial barrier due to phonotrauma and LPR. A study with rabbits showed

downregulation of gene expression of the tight junction occludin and the adherens junction

β-catenin in the vocal folds after 30 minutes exposure to raised intensity phonation [57].

Besides, induced excessive phonation caused epithelium hyperplasia and surface epithelial

cells shedding in feline vocal folds [81], while surface damage, including the destruction and

loss of epithelial microvilli and desquamation, and marked tearing of desmosomes and hemi-

desmosomes were observed in canine vocal folds [82]. LPR was associated with reduced

expression of E-cadherin and carbonic anhydrase isoenzyme III in the laryngeal epithelium of

specimens from human patients, and exposure to acid solution and pepsin caused mucosal

damage in an in vitromodel of porcine larynx [5, 6]. These studies on phonotrauma and LPR,

except for the human patients with LPR, share the acute character of our systemic dehydration

model. Our results suggest that systemic dehydration, like phonotrauma and LPR, may be det-

rimental to the vocal fold epithelial barrier, which affects the structure of the tissue and, conse-

quently, its normal function. Furthermore, systemic dehydration may prime or exacerbate the

epithelial changes occurring during phonotrauma and LPR.

The RNA-Seq analysis also showed downregulation of 11 keratin genes. Keratins are mark-

ers of basal and suprabasal layers of the vocal fold epithelium [83, 84]. Epithelial cell layers

undergo nearly constant turnover characterized by the continuous renewal of the basal and

suprabasal cell layers [1, 85]. The reduced expression of keratin genes in the vocal folds

observed in our animal model suggests that systemic dehydration alters this refined tissue

equilibrium, likely impacting its normal structure and stability. In addition, the downregula-

tion of ECM1 (extracellular matrix protein 1) indicates that dehydration also interferes with

the maintenance of the extracellular matrix. Interestingly, our group showed decreased hyalur-

onan amounts in the lamina propria of vocal folds of rats systemically dehydrated by water

withholding [32]. Although the method of inducing systemic dehydration was different in that

study, it shows the effect of this challenge in an extracellular matrix component that plays a

key role in hydration homeostasis and viscoelastic properties of the vocal folds. It is important

to note that the DE genes reported herein reflect the expression profile of all cell types in the

laryngeal tissue analyzed. However, the most significant impact of dehydration on the epithe-

lium is evidenced by differential expression of 20 genes related to cell adhesion and cell junc-

tions, and 11 keratins.

The upregulation of the NR4A3 gene was validated by qPCR. According to the GO function

database, the protein encoded by this gene is involved in cell proliferation. NR4A3 and NR4A1

are homologous orphan nuclear receptors that regulate the expression of shared target genes.

These transcription factors are involved in maintaining cellular homeostasis by regulating cell

proliferation, differentiation, and apoptosis [86, 87]. The only study showing a regulatory role

of an orphan nuclear receptor in vocal folds implicates NR4A1 as an endogenous inhibitor of

fibrosis in rat vocal folds and human vocal fold fibroblasts [88]. In our model, the upregulation

of NR4A3 is likely associated with the activation of epithelial cell proliferation in an acute

response scenario where fibrosis is not involved. Additional studies are warranted to under-

stand the role of NR4A3 in the vocal fold epithelium as it relates to systemic dehydration.
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We also observed the downregulation of genes that encode for members of the epidermal

differentiation complex, including S100A6, S100A8, S100A9, S100A11, S100A14, in addition

to SPINK15 in the transcriptome of dehydrated vocal folds. Downregulation of S100A9 and

SPINK5 were validated by qPCR. These genes contribute to the epithelial barrier maintenance

by regulating epithelial growth and differentiation. In low concentrations, S100A8 and S100A9

might cause either tissue proliferation and repair, while in high concentrations, these proteins

may have deleterious effects on inflamed tissue [89]. Moreover, S100A8 and S100A9 proteins

act as nonchemokine chemoattractants of inflammatory cells [89, 90]. SPINK5 has been sug-

gested to be an inhibitor of desquamation [91]; consequently, its downregulation could lead to

increase cell turnover and cause epithelial barrier dysfunction [92]. Richer and collaborators

(2009) showed a decreased expression of S100A7, S100A8, S100A9, and SPINK5 genes in the

airway mucosal epithelium of people with chronic rhinosinusitis, which they associated with a

defective epithelial barrier in this condition [92]. Although this was observed in a chronic con-

dition, it illustrates the association of the downregulation of these genes with epithelial barrier

impairment. Finally, the blockage of S100A8 and S100A9 or downstream signaling was related

to decreased pro-inflammatory cytokine secretion in several models [89]. In this context, the

downregulation of these S100 genes in our model could contribute in part to the downregula-

tion of inflammatory-related genes, including the pro-inflammatory cytokines IL1A and

IL36A. One may speculate that the reduced inflammatory response in vocal folds in response

to systemic dehydration could help prevent tissue damage. Another hypothesis is that systemic

dehydration could decrease the likelihood of vocal folds responding appropriately to an insult

that requires inflammation such as wound healing or infection. Such hypotheses need to be

further evaluated.

Our STRING protein network analysis showed that more than 100 of the proteins

encoded by the DE genes identified by RNA-Seq interact with each other. Among these, DE

genes discussed above including DSG1, CDH3, SDC1, S100A9, SPINK5, ECM1, IL1A and

IL36A, are shown to interact with each other in the same cluster (same color code nodes in

Fig 4) or indirectly with other clusters, suggesting a coordinated response of vocal fold to

systemic dehydration. Interestingly, desmoglein 1 is one of the nodes with the highest num-

ber of interactions (11 total) with other products, suggesting that this cluster formed by

DSG1, plakophilin 1 (PKP1), and SPINK5may play a central role in response to systemic

dehydration. The importance of DSG1 for epithelial integrity is demonstrated by its role in

several cutaneous diseases of different origins [76]. PKP1 interacts with desmosomal pro-

teins and regulates desmosomal turnover and signaling [93], and the interaction between

DSG1 and SPINK5 is evidenced by increased DSG1 degradation in mice deficient in

SPINK5 as a model of Netherton syndrome, a skin disorder [94]. This cluster interacts with

two clusters of keratins, including KRT1, KRT10, KRT14, among others, which also show

numerous interactions with other proteins in the network. The largest keratin cluster (red

nodes) contains transglutaminase 3 (TGM3), which is expressed in squamous epithelia

and involved in keratinocyte differentiation [95], and another downregulated gene in our

model. Other products interacting with DSG1-PKP1-SPINK5 cluster are corneodesmosin

(CDSN) and envoplakin (EVPL), both encoded by genes found downregulated in the sys-

temic dehydrated vocal folds. CDSN and EVLP are both desmosomal components localized

to epidermis and other cornified squamous epithelia. The loss of expression of both genes

is associated with epidermal barrier defect leading to skin desquamation in human and

murine model [96, 97]. Together, these interactions predicted between the DE genes along

with their functional classification support the adverse impact of systemic dehydration,

even at a low level of 5%, on the vocal fold epithelial structure. Thus, maintaining optimal

systemic hydration may have a role in preserving the vocal fold tissue architecture and,
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consequently, its normal function. How these transcriptional changes reflect in the prote-

ome of vocal folds is our next focus of investigation.

Conclusions

To our knowledge, this is the first study to analyze the global gene expression profile of vocal

folds using an in vivomodel of systemic dehydration. In our model, systemic dehydration

altered the transcriptome of vocal folds by downregulating the gene expression of cell junc-

tion-related molecules, regulators of epithelial proliferation and differentiation, and keratins.

These results suggest that systemic dehydration affects the epithelial homeostasis, and possibly

causes dysregulation of the epithelial cell barrier. It is noteworthy that all the changes observed

in our model were identified at a low level of systemic dehydration, highlighting the benefit of

maintaining an optimal hydration status. Our transcriptome dataset provides a resource for

the investigation of new hypotheses applying different approaches to continue elucidating the

pathobiological effects of dehydration in vocal folds. Additional studies addressing the impact

of systemic dehydration associated with other conditions detrimental to vocal function and

health (e.g., phonotrauma and LPR) are warranted and may impact voice therapy practices in

the future.
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3. Kutta H, Willer A, Steven P, Bräuer L, Tsokos M, Paulsen F. Distribution of mucins and antimicrobial

substances lysozyme and lactoferrin in the laryngeal subglottic region. J Anat. 2008; 213: 473–481.

https://doi.org/10.1111/j.1469-7580.2008.00960.x PMID: 18657260

4. Levendoski EE, Sivasankar MP. Vocal fold ion transport and mucin expression following acrolein

exposure. J Membr Biol. 2014; 247: 441–450. https://doi.org/10.1007/s00232-014-9651-2 PMID:

24648011

5. Johnston N, Bulmer D, Gill GA, Panetti M, Ross PE, Pearson JP, et al. Cell biology of laryngeal epithe-

lial defenses in health and disease: Further studies. Ann Otol Rhinol Laryngol. 2003; 112: 481–491.

https://doi.org/10.1177/000348940311200601 PMID: 12834114

6. Gill GA, Johnston N, Buda A, Pignatelli M, Pearson J, Dettmar PW, et al. Laryngeal epithelial defenses

against laryngopharyngeal reflux: Investigations of E-cadherin, carbonic anhydrase isoenzyme III, and

pepsin. Ann Otol Rhinol Laryngol. 2005; 114: 913–921. https://doi.org/10.1177/000348940511401204

PMID: 16425556

7. Levendoski EE, Leydon C, Thibeault SL. Vocal Fold Epithelial Barrier in Health and Injury: A Research

Review. J Speech, Lang Hear Res JSLHR. 2014; 57: 1679–1691. https://doi.org/10.1044/2014_

JSLHR-S-13-0283 PMID: 24686981

8. Novaleski CK, Carter BD, Sivasankar MP, Ridner SH, Dietrich MS, Rousseau B. Apoptosis and vocal

fold disease: Clinically relevant implications of epithelial cell death. J Speech, Lang Hear Res. 2017; 60:

1264–1272. https://doi.org/10.1044/2016_JSLHR-S-16-0326 PMID: 28492834

9. Marchiando AM, Graham WV, Turner JR. Epithelial Barriers in Homeostasis and Disease. Annu Rev

Pathol Mech Dis. 2010; 5: 119–144. https://doi.org/10.1146/annurev.pathol.4.110807.092135 PMID:

20078218

10. Muto S. Physiological roles of claudins in kidney tubule paracellular transport. Am J Physiol—Ren Phy-

siol. 2017; 312: F9–F24. https://doi.org/10.1152/ajprenal.00204.2016 PMID: 27784693

11. Reichel O, Mayr D, Durst F, Berghaus A. E-cadherin but not β-catenin expression is decreased in laryn-

geal biopsies from patients with laryngopharyngeal reflux. Eur Arch Oto-Rhino-Laryngology. 2008; 265:

937–942. https://doi.org/10.1007/s00405-007-0568-6 PMID: 18183411

12. Sivasankar M, Erickson E, Rosenblatt M, Branski RC. Hypertonic challenge to porcine vocal folds:

Effects on epithelial barrier function. Otolaryngol Head Neck Surg. 2010; 142: 79–84. https://doi.org/10.

1016/j.otohns.2009.09.011 PMID: 20096227

13. Bulmer DM, Ali MS, Brownlee IA, Dettmar PW, Pearson JP. Laryngeal mucosa: Its susceptibility to

damage by acid and pepsin. Laryngoscope. 2010; 120: 777–782. https://doi.org/10.1002/lary.20665

PMID: 20213655

14. Erickson E, Sivasankar M. Simulated Reflux Decreases Vocal Fold Epithelial Barrier Resistance. Laryn-

goscope. 2010; 120: 1569–75. https://doi.org/10.1002/lary.20983 PMID: 20564752

15. Xuan Y, Zhang Z. Influence of embedded fibers and an epithelium layer on the glottal closure pattern in

a physical vocal fold model. J Speech, Lang Hear Res JSLHR. 2014; 57: 416–25. https://doi.org/10.

1044/2013_JSLHR-S-13-0068 PMID: 24167236

16. Tse JR, Zhang Z, Long JL. Effects of vocal fold epithelium removal on vibration in an excised human lar-

ynx model. J Acoust Soc Am. 2015; 138: EL60–EL64. https://doi.org/10.1121/1.4922765 PMID:

26233062

17. Solomon NP, DiMattia MS. Effects of a vocally fatiguing task and systemic hydration on phonation

threshold pressure. J Voice. 2000; 14: 341–362. https://doi.org/10.1016/s0892-1997(00)80080-6

PMID: 11021502

18. Solomon NP, Glaze LE, Arnold RR, Van Mersbergen M. Effects of a vocally fatiguing task and systemic

hydration on men’s voices. J Voice. 2003; 17: 31–46. https://doi.org/10.1016/s0892-1997(03)00029-8

PMID: 12705817

19. Welham NV, Maclagan MA. Vocal fatigue: Current knowledge and future directions. J Voice. 2003; 17:

21–30. https://doi.org/10.1016/s0892-1997(03)00033-x PMID: 12705816

20. Behlau M, Oliveira G. Vocal hygiene for the voice professional. Curr Opin Otolaryngol Head Neck Surg.

2009; 17: 149–154. https://doi.org/10.1097/MOO.0b013e32832af105 PMID: 19342952

21. Sivasankar M, Leydon C. The role of hydration in vocal fold physiology. Curr Opin Otolaryngol Head

Neck Surg. 2010; 18: 171–5. https://doi.org/10.1097/MOO.0b013e3283393784 PMID: 20386449

PLOS ONE Molecular pathobiology of vocal fold systemic dehydration

PLOS ONE | https://doi.org/10.1371/journal.pone.0236348 July 31, 2020 16 / 20

https://doi.org/10.1016/s0030-6665%2805%2970237-1
https://doi.org/10.1016/s0030-6665%2805%2970237-1
http://www.ncbi.nlm.nih.gov/pubmed/10918654
https://doi.org/10.1152/jappl.2001.91.3.1401
http://www.ncbi.nlm.nih.gov/pubmed/11509542
https://doi.org/10.1111/j.1469-7580.2008.00960.x
http://www.ncbi.nlm.nih.gov/pubmed/18657260
https://doi.org/10.1007/s00232-014-9651-2
http://www.ncbi.nlm.nih.gov/pubmed/24648011
https://doi.org/10.1177/000348940311200601
http://www.ncbi.nlm.nih.gov/pubmed/12834114
https://doi.org/10.1177/000348940511401204
http://www.ncbi.nlm.nih.gov/pubmed/16425556
https://doi.org/10.1044/2014%5FJSLHR-S-13-0283
https://doi.org/10.1044/2014%5FJSLHR-S-13-0283
http://www.ncbi.nlm.nih.gov/pubmed/24686981
https://doi.org/10.1044/2016%5FJSLHR-S-16-0326
http://www.ncbi.nlm.nih.gov/pubmed/28492834
https://doi.org/10.1146/annurev.pathol.4.110807.092135
http://www.ncbi.nlm.nih.gov/pubmed/20078218
https://doi.org/10.1152/ajprenal.00204.2016
http://www.ncbi.nlm.nih.gov/pubmed/27784693
https://doi.org/10.1007/s00405-007-0568-6
http://www.ncbi.nlm.nih.gov/pubmed/18183411
https://doi.org/10.1016/j.otohns.2009.09.011
https://doi.org/10.1016/j.otohns.2009.09.011
http://www.ncbi.nlm.nih.gov/pubmed/20096227
https://doi.org/10.1002/lary.20665
http://www.ncbi.nlm.nih.gov/pubmed/20213655
https://doi.org/10.1002/lary.20983
http://www.ncbi.nlm.nih.gov/pubmed/20564752
https://doi.org/10.1044/2013%5FJSLHR-S-13-0068
https://doi.org/10.1044/2013%5FJSLHR-S-13-0068
http://www.ncbi.nlm.nih.gov/pubmed/24167236
https://doi.org/10.1121/1.4922765
http://www.ncbi.nlm.nih.gov/pubmed/26233062
https://doi.org/10.1016/s0892-1997%2800%2980080-6
http://www.ncbi.nlm.nih.gov/pubmed/11021502
https://doi.org/10.1016/s0892-1997%2803%2900029-8
http://www.ncbi.nlm.nih.gov/pubmed/12705817
https://doi.org/10.1016/s0892-1997%2803%2900033-x
http://www.ncbi.nlm.nih.gov/pubmed/12705816
https://doi.org/10.1097/MOO.0b013e32832af105
http://www.ncbi.nlm.nih.gov/pubmed/19342952
https://doi.org/10.1097/MOO.0b013e3283393784
http://www.ncbi.nlm.nih.gov/pubmed/20386449
https://doi.org/10.1371/journal.pone.0236348


22. Hartley NA, Thibeault SL. Systemic hydration: Relating science to clinical practice in vocal health. J

Voice. 2014; 28: 652.e1–652.e20. https://doi.org/10.1016/j.jvoice.2014.01.007 PMID: 24880674

23. Kleiner SM. Water: an essential but overlooked nutrient. J Am Diet Assoc. 1999; 99: 200–6. https://doi.

org/10.1016/S0002-8223(99)00048-6 PMID: 9972188

24. Popkin BM, D’Anci KE, Rosenberg IH. Water, Hydration and Health. Nutr Rev. 2010; 68: 439–458.

https://doi.org/10.1111/j.1753-4887.2010.00304.x PMID: 20646222

25. Cheuvront SN, Kenefick RW. Dehydration: Physiology, assessment, and performance effects. Compr

Physiol. 2014; 4: 257–285. https://doi.org/10.1002/cphy.c130017 PMID: 24692140

26. Miller HJ. Dehydration in the Older Adult. J Gerontol Nurs. 2015; 41: 8–13. https://doi.org/10.3928/

00989134-20150814-02 PMID: 26375144

27. Pross N. Effects of Dehydration on Brain Functioning: A Life-Span Perspective. Ann Nutr Metab. 2017;

70: 30–36. https://doi.org/10.1159/000463060 PMID: 28614811

28. Naylor JRJ, Bayly WM, Schott HC, Gollnick PD, Hodgson DR. Equine plasma and blood volumes

decrease with dehydration but subsequently increase with exercise. J Appl Physiol. 1993; 75: 1002–

1008. https://doi.org/10.1152/jappl.1993.75.2.1002 PMID: 8226442

29. Richmond CA. Effects of Hydration on Febrile Temperature Patterns in Rabbits. Biol Res Nurs. 2001; 2:

277–291. https://doi.org/10.1177/109980040100200407 PMID: 11876467

30. Verdolini K, Min Y, Titze I, Lemke J, Brown K, van Mersbergen M, et al. Biological mechanisms underly-

ing voice changes due to dehydration. J Speech, Lang Hear Res JSLHR. 2002; 45: 268–81. https://doi.

org/10.1044/1092-4388(2002/021) PMID: 12003510

31. Butudom P, Barnes DJ, Davis MW, Nielsen BD, Eberhart SW, Schott HC. Rehydration fluid tempera-

ture affects voluntary drinking in horses dehydrated by furosemide administration and endurance exer-

cise. Vet J. 2004; 167: 72–80. https://doi.org/10.1016/s1090-0233(03)00054-6 PMID: 14623154

32. Cox A, Cannes do Nascimento N, Pires dos Santos A, Sivasankar MP. Dehydration and Estrous Stag-

ing in the Rat Larynx: an in vivo Prospective Investigation. J Voice. 2019. https://doi.org/10.1016/j.

jvoice.2019.06.009 PMID: 31307900

33. Oleson S, Cox A, Liu Z, Sivasankar MP, Lu KH. In Vivo Magnetic Resonance Imaging of the Rat Vocal

Folds After Systemic Dehydration and Rehydration. J Speech Lang Hear Res. 2019; 63: 135–142.

https://doi.org/10.1044/2019_JSLHR-19-00062 PMID: 31922926

34. Brozmanova A, Jochem J, Javorka K, Zila I, Zwirska-Korczala K. Diuretic-induced dehydration/hypovo-

lemia inhibits thermal panting in rabbits. Respir Physiol Neurobiol. 2006; 150: 99–102. https://doi.org/

10.1016/j.resp.2005.10.008 PMID: 16309974

35. Zdolsek J, Li Y, Hahn RG. Detection of dehydration by using volume kinetics. Anesth Analg. 2012; 115:

814–822. https://doi.org/10.1213/ANE.0b013e318261f6ba PMID: 22763905

36. Wang LC, Papangelou A, Lin C, Mirski MA, Gottschalk A, Toung TJK. Comparison of equivolume,

equiosmolar solutions of mannitol and hypertonic saline with or without furosemide on brain water con-

tent in normal rats. Anesthesiology. 2013; 118: 903–913. https://doi.org/10.1097/ALN.

0b013e31828156ff PMID: 23442754

37. Roush GC, Kaur R, Ernst ME. Diuretics: A review and update. J Cardiovasc Pharmacol Ther. 2014; 19:

5–13. https://doi.org/10.1177/1074248413497257 PMID: 24243991

38. Dubois BN, Pearson J, Mahmood T, Thornburg K, Cherala G. Furosemide Pharmacokinetics in Adult

Rats become Abnormal with an Adverse Intrauterine Environment and Modulated by a Post-Weaning

High-Fat Diet. Basic Clin Pharmacol Toxicol. 2016; 118: 432–439. https://doi.org/10.1111/bcpt.12523

PMID: 26550796

39. Sivasankar M, Erickson E, Schneider S, Hawes A. Phonatory effects of airway dehydration: preliminary

evidence for impaired compensation to oral breathing in individuals with a history of vocal fatigue. J

Speech, Lang Hear Res JSLHR. 2008; 51: 1494–506. https://doi.org/10.1044/1092-4388(2008/07-

0181) PMID: 18664688

40. Leydon C, Wroblewski M, Eichorn N, Sivasankar M. A meta-analysis of outcomes of hydration interven-

tion on phonation threshold pressure. J Voice. 2010; 24: 637–643. https://doi.org/10.1016/j.jvoice.2009.

06.001 PMID: 20359862

41. Lungova V, Verheyden J, Herriges J, Sun X, Thibeault SL. Ontogeny of the mouse vocal fold epithelium.

Dev Biol. 2015; 399: 263–282. https://doi.org/10.1016/j.ydbio.2014.12.037 PMID: 25601450

42. Durkes A, Sivasankar MP. In vivo investigation of acidified pepsin exposure to porcine vocal fold epithe-

lia. Laryngoscope. 2016; 126: E12–E17. https://doi.org/10.1002/lary.25478 PMID: 26153224

43. Novaleski CK, Kimball EE, Mizuta M, Rousseau B. Acute Exposure to Vibration is an Apoptosis-Induc-

ing Stimulus in the Vocal Fold Epithelium. Tissue Cell. 2016; 48: 407–16. https://doi.org/10.1016/j.tice.

2016.08.007 PMID: 27577014

PLOS ONE Molecular pathobiology of vocal fold systemic dehydration

PLOS ONE | https://doi.org/10.1371/journal.pone.0236348 July 31, 2020 17 / 20

https://doi.org/10.1016/j.jvoice.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24880674
https://doi.org/10.1016/S0002-8223%2899%2900048-6
https://doi.org/10.1016/S0002-8223%2899%2900048-6
http://www.ncbi.nlm.nih.gov/pubmed/9972188
https://doi.org/10.1111/j.1753-4887.2010.00304.x
http://www.ncbi.nlm.nih.gov/pubmed/20646222
https://doi.org/10.1002/cphy.c130017
http://www.ncbi.nlm.nih.gov/pubmed/24692140
https://doi.org/10.3928/00989134-20150814-02
https://doi.org/10.3928/00989134-20150814-02
http://www.ncbi.nlm.nih.gov/pubmed/26375144
https://doi.org/10.1159/000463060
http://www.ncbi.nlm.nih.gov/pubmed/28614811
https://doi.org/10.1152/jappl.1993.75.2.1002
http://www.ncbi.nlm.nih.gov/pubmed/8226442
https://doi.org/10.1177/109980040100200407
http://www.ncbi.nlm.nih.gov/pubmed/11876467
https://doi.org/10.1044/1092-4388%282002/021%29
https://doi.org/10.1044/1092-4388%282002/021%29
http://www.ncbi.nlm.nih.gov/pubmed/12003510
https://doi.org/10.1016/s1090-0233%2803%2900054-6
http://www.ncbi.nlm.nih.gov/pubmed/14623154
https://doi.org/10.1016/j.jvoice.2019.06.009
https://doi.org/10.1016/j.jvoice.2019.06.009
http://www.ncbi.nlm.nih.gov/pubmed/31307900
https://doi.org/10.1044/2019%5FJSLHR-19-00062
http://www.ncbi.nlm.nih.gov/pubmed/31922926
https://doi.org/10.1016/j.resp.2005.10.008
https://doi.org/10.1016/j.resp.2005.10.008
http://www.ncbi.nlm.nih.gov/pubmed/16309974
https://doi.org/10.1213/ANE.0b013e318261f6ba
http://www.ncbi.nlm.nih.gov/pubmed/22763905
https://doi.org/10.1097/ALN.0b013e31828156ff
https://doi.org/10.1097/ALN.0b013e31828156ff
http://www.ncbi.nlm.nih.gov/pubmed/23442754
https://doi.org/10.1177/1074248413497257
http://www.ncbi.nlm.nih.gov/pubmed/24243991
https://doi.org/10.1111/bcpt.12523
http://www.ncbi.nlm.nih.gov/pubmed/26550796
https://doi.org/10.1044/1092-4388%282008/07-0181%29
https://doi.org/10.1044/1092-4388%282008/07-0181%29
http://www.ncbi.nlm.nih.gov/pubmed/18664688
https://doi.org/10.1016/j.jvoice.2009.06.001
https://doi.org/10.1016/j.jvoice.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20359862
https://doi.org/10.1016/j.ydbio.2014.12.037
http://www.ncbi.nlm.nih.gov/pubmed/25601450
https://doi.org/10.1002/lary.25478
http://www.ncbi.nlm.nih.gov/pubmed/26153224
https://doi.org/10.1016/j.tice.2016.08.007
https://doi.org/10.1016/j.tice.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27577014
https://doi.org/10.1371/journal.pone.0236348


44. Kawai Y, Kishimoto Y, Sogami T, Suzuki R, Tsuji T, Hiwatashi N, et al. Characterization of aged rat

vocal fold fibroblasts. Laryngoscope. 2019; 129: E94–E101. https://doi.org/10.1002/lary.27464 PMID:

30450675

45. Welham NV, Ling C, Dawson JA, Kendziorski C, Thibeault SL, Yamashita M. Microarray-based charac-

terization of differential gene expression during vocal fold wound healing in rats. DMM Dis Model Mech.

2015; 8: 311–321. https://doi.org/10.1242/dmm.018366 PMID: 25592437

46. Kishimoto Y, Kishimoto AO, Ye S, Kendziorski C, Welham N V. Modeling fibrosis using fibroblasts iso-

lated from scarred rat vocal folds. Lab Invest. 2016; 96: 807–16. https://doi.org/10.1038/labinvest.2016.

43 PMID: 27111284

47. Karbiener M, Darnhofer B, Frisch MT, Rinner B, Birner-Gruenberger R, Gugatschka M. Comparative

proteomics of paired vocal fold and oral mucosa fibroblasts. J Proteomics. 2017; 155: 11–21. https://

doi.org/10.1016/j.jprot.2017.01.010 PMID: 28099887

48. Foote AG, Wang Z, Kendziorski C, Thibeault SL. Tissue specific human fibroblast differential expres-

sion based on RNAsequencing analysis. BMC Genomics. 2019; 20: 1–19. https://doi.org/10.1186/

s12864-018-5379-1 PMID: 30606130

49. Kishimoto Y, Yamashita M, Wei A, Toya Y, Ye S, Kendziorski C, et al. Reversal of Vocal Fold Mucosal

Fibrosis Using siRNA against the Collagen-Specific Chaperone Serpinh1. Mol Ther—Nucleic Acids.

2019; 16: 616–625. https://doi.org/10.1016/j.omtn.2019.04.014 PMID: 31100613

50. Gugatschka M, Darnhofer B, Grossmann T, Schittmayer M, Hortobagyi D, Kirsch A, et al. Proteomic

analysis of vocal fold fibroblasts exposed to cigarette smoke extract: Exploring the pathophysiology of

Reinke’s edema. Mol Cell Proteomics. 2019; 18: 1511–1525. https://doi.org/10.1074/mcp.RA119.

001272 PMID: 31123107

51. Welham NV, Yamashita M, Choi SH, Ling C. Cross-sample validation provides enhanced proteome

coverage in rat vocal fold mucosa. PLoS One. 2011; 6. https://doi.org/10.1371/journal.pone.0017754

PMID: 21423617

52. Costa-Silva J, Domingues D, Lopes FM. RNA-Seq differential expression analysis: An extended review

and a software tool. PLoS One. 2017; 12: 1–18. https://doi.org/10.1371/journal.pone.0190152 PMID:

29267363

53. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for transcriptomics. Nat Rev Genet.

2010; 10: 57–63. https://doi.org/10.1038/nrg2484 PMID: 19015660

54. Hrdlickova R, Toloue M, Tian B. RNA-Seq methods for transcriptome analysis. Wiley Interdiscip Rev

RNA. 2017; 8: 1–24. https://doi.org/10.1002/wrna.1364 PMID: 27198714

55. Branski RC, Rosen CA, Verdolini K, Hebda PA. Biochemical markers associated with acute vocal fold

wound healing: A rabbit model. J Voice. 2005; 19: 283–289. https://doi.org/10.1016/j.jvoice.2004.04.

003 PMID: 15907442

56. Rousseau B, Ge PJ, Ohno T, French LC, Thibeault SL. Extracellular matrix gene expression after vocal

fold injury in a rabbit model. Ann Otol Rhinol Laryngol. 2008; 117: 598–603. https://doi.org/10.1177/

000348940811700809 PMID: 18771077

57. Rousseau B, Suehiro A, Echemendia N, Sivasankar M. Raised Intensity Phonation Compromises

Vocal Fold Epithelial Barrier Integrity. Laryngoscope. 2011; 121: 346–51. https://doi.org/10.1002/lary.

21364 PMID: 21271586

58. Shiba TL, Hardy J, Luegmair G, Zhang Z, Long JL. Tissue-Engineered Vocal Fold Mucosa Implantation

in Rabbits. Otolaryngol—Head Neck Surg (United States). 2016; 154: 679–688. https://doi.org/10.

1177/0194599816628501 PMID: 26956198

59. Long JL. Repairing the vibratory vocal fold. Laryngoscope. 2018; 128: 153–159. https://doi.org/10.

1002/lary.26801 PMID: 28771731

60. Morton D, Jennings M, Batchelor G, Bell D, Birke L, Davies K, et al. Refinements in rabbit husbandry.

Lab Anim. 1993; 27: 301–329. PMID: 8277705

61. Fillman-Holliday D, Landi MS. Animal Care Best Practices for Regulatory Testing. ILAR J. 2002; 43:

S49–S58. https://doi.org/10.1093/ilar.43.suppl_1.s49 PMID: 12388852

62. Contreras RJ, Bird E, Weisz DJ. Behavioral and neural gustatory responses in rabbit. Physiol Behav.

1985; 34: 761–768. https://doi.org/10.1016/0031-9384(85)90375-0 PMID: 4034716

63. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: Ultrafast universal RNA-

seq aligner. Bioinformatics. 2013; 29: 15–21. https://doi.org/10.1093/bioinformatics/bts635 PMID:

23104886

64. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al. Transcript assembly and

abundance estimation from RNA-Seq reveals thousands of new transcripts and switching among iso-

forms. Nat Biotechnol. 2011; 28: 511–515. https://doi.org/10.1038/nbt.1621 PMID: 20436464

PLOS ONE Molecular pathobiology of vocal fold systemic dehydration

PLOS ONE | https://doi.org/10.1371/journal.pone.0236348 July 31, 2020 18 / 20

https://doi.org/10.1002/lary.27464
http://www.ncbi.nlm.nih.gov/pubmed/30450675
https://doi.org/10.1242/dmm.018366
http://www.ncbi.nlm.nih.gov/pubmed/25592437
https://doi.org/10.1038/labinvest.2016.43
https://doi.org/10.1038/labinvest.2016.43
http://www.ncbi.nlm.nih.gov/pubmed/27111284
https://doi.org/10.1016/j.jprot.2017.01.010
https://doi.org/10.1016/j.jprot.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28099887
https://doi.org/10.1186/s12864-018-5379-1
https://doi.org/10.1186/s12864-018-5379-1
http://www.ncbi.nlm.nih.gov/pubmed/30606130
https://doi.org/10.1016/j.omtn.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31100613
https://doi.org/10.1074/mcp.RA119.001272
https://doi.org/10.1074/mcp.RA119.001272
http://www.ncbi.nlm.nih.gov/pubmed/31123107
https://doi.org/10.1371/journal.pone.0017754
http://www.ncbi.nlm.nih.gov/pubmed/21423617
https://doi.org/10.1371/journal.pone.0190152
http://www.ncbi.nlm.nih.gov/pubmed/29267363
https://doi.org/10.1038/nrg2484
http://www.ncbi.nlm.nih.gov/pubmed/19015660
https://doi.org/10.1002/wrna.1364
http://www.ncbi.nlm.nih.gov/pubmed/27198714
https://doi.org/10.1016/j.jvoice.2004.04.003
https://doi.org/10.1016/j.jvoice.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15907442
https://doi.org/10.1177/000348940811700809
https://doi.org/10.1177/000348940811700809
http://www.ncbi.nlm.nih.gov/pubmed/18771077
https://doi.org/10.1002/lary.21364
https://doi.org/10.1002/lary.21364
http://www.ncbi.nlm.nih.gov/pubmed/21271586
https://doi.org/10.1177/0194599816628501
https://doi.org/10.1177/0194599816628501
http://www.ncbi.nlm.nih.gov/pubmed/26956198
https://doi.org/10.1002/lary.26801
https://doi.org/10.1002/lary.26801
http://www.ncbi.nlm.nih.gov/pubmed/28771731
http://www.ncbi.nlm.nih.gov/pubmed/8277705
https://doi.org/10.1093/ilar.43.suppl%5F1.s49
http://www.ncbi.nlm.nih.gov/pubmed/12388852
https://doi.org/10.1016/0031-9384%2885%2990375-0
http://www.ncbi.nlm.nih.gov/pubmed/4034716
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
https://doi.org/10.1371/journal.pone.0236348


65. Huang DW, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: Paths toward the comprehen-

sive functional analysis of large gene lists. Nucleic Acids Res. 2009; 37: 1–13. https://doi.org/10.1093/

nar/gkn923 PMID: 19033363

66. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using

DAVID bioinformatics resources. Nat Protoc. 2009; 4: 44–57. https://doi.org/10.1038/nprot.2008.211

PMID: 19131956

67. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING v11: Protein-pro-

tein association networks with increased coverage, supporting functional discovery in genome-wide

experimental datasets. Nucleic Acids Res. 2019; 47: D607–D613. https://doi.org/10.1093/nar/gky1131

PMID: 30476243

68. Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden TL. Primer-BLAST: A tool to design

target-specific primers for polymerase chain reaction. 2012. https://doi.org/10.1186/1471-2105-13-134

PMID: 22708584

69. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2-ΔΔCT method. Methods. 2001; 25: 402–408. https://doi.org/10.1006/meth.2001.1262 PMID:

11846609

70. Freedman SB, Vandermeer B, Milne A, Hartling L, Johnson D, Black K, et al. Diagnosing clinically signif-

icant dehydration in children with acute gastroenteritis using noninvasive methods: A meta-analysis. J

Pediatr. 2015; 166: 908–916.e6. https://doi.org/10.1016/j.jpeds.2014.12.029 PMID: 25641247

71. Brohée S, van Helden J. Evaluation of clustering algorithms for protein-protein interaction networks.

BMC Bioinformatics. 2006; 7. https://doi.org/10.1186/1471-2105-7-488 PMID: 17087821

72. King RE, Steed K, Rivera AE, Wisco JJ, Thibeault SL. Magnetic resonance imaging quantification of

dehydration and rehydration in vocal fold tissue layers. PLoS One. 2018; 13: 1–17. https://doi.org/10.

1371/journal.pone.0208763 PMID: 30521642
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