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Abstract 26 

Hyperosmolality is found under physiological conditions in the kidney, whereas 27 

hyperosmolality in other tissues may be associated with pathological conditions. 28 

In such tissues an association between inflammation and hyperosmolality has 29 

been suggested. During hyperosmotic stress, an important phenomenon is 30 

upregulation of solute carriers (SLCs). We hypothesize that hyperosmolality 31 

affects the expression of many SLC as well as ABC transporters. Through RNA-32 

sequencing and topological pathway analysis the cell cycle, the cytokine-cytokine 33 

receptor interaction pathway, and the chemokine-signaling pathway were 34 

significantly activated in MDCK I cells after hyperosmotic treatment (Δ200 35 

mOsm) with raffinose or NaCl. 9065, 8052 and 5018 genes were significantly 36 

regulated by raffinose, NaCl or urea supplementation (500 mOsm), respectively, 37 

compared to the control (300 mOsm). Cytokines, that have not previously been 38 

associated with hyperosmolality, were identified. We further provide an 39 

overview of transporters that could be of relevance in tissue exposed to 40 

hyperosmolality. Especially Slc5a8 was found highly up-regulated. 41 

 42 

Keywords 43 
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Introduction 51 

Hyperosmolality is a phenomenon where the extracellular fluid has an increased 52 

concentration of osmolytes compared to the intracellular fluid.  Hyperosmolality 53 

is a physiological condition present in tissue such as the matrix of intervertebral 54 

discs [1], liver, thymus, spleen [2] and especially in the renal medulla, where it is 55 

caused by high concentrations of NaCl and urea, as reviewed by Burg et al [3]. 56 

Acute elevation of osmolality stimulates water efflux and cell shrinkage. This has 57 

a detrimental impact on the cells leading to cell cycle arrest, DNA breakage, 58 

protein crowding, mechanical stress of the cytoskeleton, and ultimately resulting 59 

in apoptosis [3]. Cellular resistance to elevation in osmolality before undergoing 60 

apoptosis, is significantly lower for cells in cultures compared to cells in tissue 61 

and is different depending on the individual cell cultures [3]. Despite the 62 

observed differences in cell survival, some general cellular responses to 63 

hyperosmolality occur, even in cells that do not originate from hyperosmotic-64 

exposed tissue [4]. The general responses include the up-regulation of osmolyte 65 

synthesis and transport, and also the regulation of shrinkage-activated ion 66 

transporters [5]. When the cellular response fails to compensate for an elevation 67 

in extracellular osmolality, the consequences can lead to inflammation and 68 

disease [4]. Hyperosmolality has been detected in several diseases, such as 69 

diabetes, inflammatory bowel diseases, and inflammation [6-8]. Hyperosmolality 70 

due to an increase in oncotic pressure has also been found in solid malign tumors 71 

[9].  The increased osmolality in both pathological and non-pathological tissue 72 

impacts gene expression [3]. The mRNA, protein and functional expression of 73 

membrane transporters can also be altered, where SLC6A6 (TauT), SLC6A12 74 

(BGT1) and SLC5A3 (SMIT1) all have been shown to be up-regulated as a part of 75 
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the cellular response to elevated osmolality [10-13]. The role of the transporters 76 

is to increase the intracellular level of the osmolytes taurine, betaine and myo-77 

inositol, respectively. Two classes of membrane transporters are involved in the 78 

movement of solutes, i.e. the solute carriers (SLC) and the ATP-binding Cassette 79 

Family (ABC) transporters. According to HGNC (HUGO Gene Nomenclature 80 

Committee) 51 ABC transporters (https://www.genenames.org/cgi-81 

bin/genefamilies/set/417, assessed January 2018) are found in the human 82 

genome and 411 SLC transporters (https://www.genenames.org/cgi-83 

bin/genefamilies/set/752, assessed January 2018). The current knowledge on 84 

the regulation and function of membrane transporters as a response to osmotic 85 

changes are limited. Furthermore, the general knowledge and understanding of 86 

solute carrier in health and disease are highly under investigated and skewed 87 

towards only a few solute carriers [14]. The purpose of the present work was, 88 

hence, to investigate if hyperosmolality affect the expression of several SLC and 89 

ABC transporters, as this possibly changes the transport of endobiotics and 90 

xenobiotics in the affected cells. The association between inflammation and 91 

hyperosmolality could also be relevant for the expression of membrane 92 

transporters. Inflammation has already been shown to affect the expression of 93 

some membrane transporters, including a decrease of PEPT1, Mdr1a/b, Mrp2 94 

and Mrp3 [15-18]. Furthermore, the likely presence of a hyperosmotic 95 

microenvironment in solid malign tumors may potentially impact the expression 96 

of transporters, which could be relevant in the understanding of how cancer cells 97 

regulate their nutrition uptake, efflux of metabolic products and the protection 98 

against xenobiotics.  99 

https://www.genenames.org/cgi-bin/genefamilies/set/417
https://www.genenames.org/cgi-bin/genefamilies/set/417
https://www.genenames.org/cgi-bin/genefamilies/set/752
https://www.genenames.org/cgi-bin/genefamilies/set/752
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In the present study, the mRNA expression in renal MDCK I cells when exposed 100 

to hyperosmolality caused by either NaCl, membrane impermeable trisaccharide 101 

raffinose or membrane permeable urea were investigated. Using both raffinose 102 

and NaCl as osmotic agent provides a situation where it is possible to distinguish 103 

between the response of the specific osmolytes and the response of 104 

hyperosmolality in general. Urea provides a control where there is a 105 

hyperosmotic condition but because of the membrane permeability of urea the 106 

condition is isotonic. MDCK cells were used because they have been widely used 107 

to investigate the cellular response of hyperosmolality as illustrated by more 108 

than 100 papers using the model on pubmed 109 

(https://www.ncbi.nlm.nih.gov/pubmed/?term=osmolarity+AND+MDCK). RNA-110 

sequencing was performed with 12 independent biological replicates per 111 

condition to get a high statistical power to identify differential expressed genes. 112 

Furthermore, a topology-based pathway analysis was conducted to identify 113 

pathways that were affected by hyperosmolality. Finally, the effect of 114 

hyperosmolality on the expression of membrane transporters was investigated 115 

to provide an overview of membrane transporters that could be of relevance in 116 

tissue and pathological conditions where hyperosmolality occurs. We 117 

hypothesize that hyperosmolality will affect the expression of many 118 

transporters. 119 

 120 

Results 121 

Hyperosmolality caused by raffinose or NaCl results in similar 122 

transcriptional response   123 

Feltkode ændret

https://www.ncbi.nlm.nih.gov/pubmed/?term=osmolarity+AND+MDCK
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Full transcriptomic analysis of MDCK I cells after 24 hours treatment with 200 124 

mOsm raffinose, NaCl or urea supplemented medium (total medium osmolality: 125 

500 mOsm) were investigated using RNA-sequencing. The total number of genes 126 

analysed was 19967. As shown in figure 1 approximately 60% of the genes were 127 

up- or down-regulated in raffinose and NaCl treated cells, whereas roughly 30% 128 

were up- or down-regulated in urea treated MDCK I cells. The statistical analysis 129 

depicts that 9065, 8052 and 5018 genes were significantly regulated by 200 130 

mOsm raffinose, NaCl or urea (total osmolality: 500 mOsm), respectively, after 131 

24h. In the supplementary material, complete tables of the differential expressed 132 

genes are presented.  133 

It was evident that the raffinose treatment affected the regulation of more genes 134 

than the NaCl and urea treatment, whereas NaCl affected more genes than urea. 135 

However, the majority of genes affected by raffinose were also affected by NaCl 136 

(82% of up-regulated and 80% down-regulated), while urea differed more from 137 

the other treatments (see Figure 1). A similar trend was seen in a PCA plot (see 138 

Figure 2), where the samples from each treatment cluster and the samples 139 

treated with raffinose or NaCl overlap. The PCA plot shows that the components 140 

that explained the highest and second highest variance in gene expression were 141 

similar for the NaCl and raffinose treatment. In contrast, the component 142 

explaining most of the variance was similar for the control and the urea treated 143 

cells, but differed on the second component. This indicates that the NaCl and 144 

raffinose treated cells had an overlapping transcription pattern.  Of the genes 145 

regulated by NaCl, and not raffinose, only 5 (Glxr, Dusp, Nckap5, Prss23, and 146 

Tubb2b) had more than an average of 50 reads across all the samples and more 147 

than 1fold change compared to the control. Whereas 31 genes 148 
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(ENSCAFG00000011827, Fosb, Isg20, Fgfbp1, Adam19, Lifr, Id3, Tnffsf1b, 149 

ENSCAFG00000029384, Vgf, Egr1, Abca1, Klf4, ENSCAFG00000035349, Hmox1, 150 

Tspan1, ENSCAFG00000032016, Cftr, ENSCAFG00000005305, Ackr3, Adm, 151 

ENSCAFG00000007045, ENSCAFG00000016252, Gdf6, Acsl5, Stard9, C15orf48, 152 

ENSCAFG00000030140, Mx2, ENSCAFG00000022709, and ENSCAFG00000032572) 153 

were regulated by raffinose and not NaCl using the same criteria, but none had a 154 

fold change of 2 or more.  155 

 156 

Regulated pathways 157 

To identify signaling pathways that were significantly activated or inhibited, 158 

during treatment with 200 mOsm raffinose, NaCl or urea supplemented medium 159 

(total medium osmolality: 500 mOsm), a pathway topology analysis was 160 

performed. Both pathways inhibited and activated were observed (see Table 1).  161 

 162 

NaCl and raffinose both activated the chemokine signaling, the cell cycle and the 163 

Cytokine-cytokine receptor interaction pathways, which were not affected by 164 

urea. The three pathways activated during hyperosmolality (NaCl and raffinose) 165 

are shown in Figure 3-5 as a visual presentation of the genes regulated. 166 

The majority of genes in the cell cycle pathway (see Figure 3) were either not 167 

affected by the treatments or down-regulated. Notable, p53 was expressed 0.48 168 

fold less when compared to the control and the Gadd45 genes were significantly 169 

up-regulated 10.5, 1.5, and 2.6 fold, for Gadd45g, Gadd45a, and Gadd45b, 170 

respectively. However, with very few reads for Gadd45g. The expression pattern 171 

of NaCl and raffinose treated cells were considered similar. 172 
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In the cytokine-cytokine receptor interaction signaling pathway the majority of 173 

the expressed genes were found up-regulated to a high degree (see Figure 4). In 174 

this pathway many of the genes were, however, not expressed in MDCK I cells 175 

under the investigated conditions. There was a strong similarity between the 176 

gene expression in the NaCl and the raffinose treated cells. Notable, the 177 

chemokines interleukin-8 (IL-8), CCL2 (MCP-1), CCL17 (TARC), CCL22 (MDC), 178 

CCL24, CCL25 and CCL26 were highly up-regulated in both the raffinose and NaCl 179 

treated cells with an up-regulation of 42, 11, 3, 11, 362, 9 and 223 fold, 180 

respectively (raffinose treatment), compared to the control. In contrast to this, 181 

the IL-1 family had both genes that were up-, and down-regulation and TNF-α 182 

showed no change in expression pattern. Additionally, COX-2 was also highly up-183 

regulated, 69 fold, after raffinose treatment. Notably, the JAK-STAT pathway was 184 

up-regulated as a part of the chemokine signaling pathway (see Figure 5). Also, 185 

the nuclear factor NF-B was up-regulated. Furthermore, most of the genes in 186 

the chemokine signaling pathway were up-regulated and with similar expression 187 

when treated with either NaCl or raffinose. 188 

 189 

Expression of membrane transporters under hyperosmotic conditions 190 

The expression of membrane transporters can affect the uptake and efflux of 191 

both xenobiotics and endobiotics. The up-regulation of membrane transporters 192 

after treatment with raffinose, NaCl or Urea supplemented medium (total 193 

medium osmolality: 500 mOsm) compared to control (300 mOsm) are presented 194 

in Table 2 and the down-regulated membrane transporters in Table 3. 195 

 196 
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A total of 32, 28 and 6 SLC and ABC transporters were more than two fold up-197 

regulated in MDCK I treated with raffinose, NaCl or urea supplemented medium 198 

(total medium osmolality: 500 mOsm) compared to the control (300 mOsm), 199 

respectively. Of the regulated transporters 25, 23 and 5 were SLC and 7, 5 and 1 200 

were ABC transporters, for raffinose, NaCl and urea treatment, respectively.  201 

Overall, fewer membrane transporters were found down-regulated compared to 202 

the number of transporters up-regulated (see Table 3).  203 

 204 

15, 11 and 10 membrane transporters were more than two fold down-regulated 205 

in MDCK I cells treated with raffinose, NaCl or urea supplemented medium (total 206 

medium osmolality: 500 mOsm) compared to the control condition (300 mOsm), 207 

respectively. Of the regulated transporters 13, 9 and 7 were SLC and 2, 2 and 3 208 

ABC transporters, for raffinose, NaCl and urea treatment, respectively.  209 

 210 

Discussion 211 

In the present study, the effect of hyperosmolality on MDCK I cells was 212 

investigated with respect to regulated biological signaling pathways and 213 

membrane transporters. Cytokines, which has not yet been associated with 214 

hyperosmolality, were identified, as well as membrane transporters, which have 215 

not been showed regulated by hyperosmolality before. The treatment of 200 216 

mOsm raffinose and NaCl resulted in a regulation of 9065 and 8052 genes, 217 

respectively. The response of the two treatments appeared similar, as seen by 218 

the PCA plot, and the number of genes only regulated by NaCl or raffinose. 219 

However, the magnitude of the fold change of the genes regulated by both 220 

raffinose and NaCl was not compared and could potentially be interesting when 221 
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comparing the response of hyperosmolality caused by NaCl or raffinose.  Another 222 

RNA-sequencing analysis in mouse embryonic fibroblast cells (MEFs), reported 223 

that 579 genes were regulated by NaCl-induced hyperosmotic stress [19]. 224 

However, this analysis was only performed with two biological replicates for the 225 

control and the NaCl treated cells making statistic interpretation difficult. The 226 

present study was based on 12 independent biological replicates and provided 227 

new insights into genes regulated by hyperosmolality with the emphasis on 228 

membrane transporters. 229 

Acute hyperosmotic stress results in cell cycle arrest, where the cells accumulate 230 

in the G2 phase [20]. Our pathway analysis depicted that the cell cycle was 231 

significantly activated, which contradicts the delaying effect of hyperosmolality. 232 

However, the significant activation could probably be a result of the decrease in 233 

p53 levels. p53 is an important gene in the regulation of the cell cycle, where high 234 

levels lead to G1 and G2/M arrest of the cells [21]. Hyperosmolality has shown to 235 

increase the level of p53 [22]. Schwartz et al. found that macrophages have a 236 

decreased level of p53 when exposed to hyperosmotic media [8]. Since the p53 237 

level in the present study was measured 24 hours after hyperosmotic exposure, 238 

the low level might be a reflection of the cells no longer being in cell cycle arrest.  239 

Other important cell cycle genes with relevance to hyperosmolality are the 240 

Gadd45 genes. These genes induce G2/M arrest [23]. The present study also 241 

showed an increase in all three Gadd45 genes in MDCK I cells. Hyperosmolality 242 

results in cell cycle arrest, therefore the difference in gene expression seen in the 243 

RNA-sequencing analysis could potentially, in part, be caused by the cell cycle 244 

arrest. However, as the cell cycle arrest is caused by hyperosmolality the change 245 

hereof would indirect be an effect of hyperosmolality. 246 
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 247 

Hyperosmolality and inflammation  248 

It is well established that hyperosmolality induces secretion of cytokines [8, 24, 249 

25].  The most investigated cytokine is interleukin-8 (IL-8).  The secretion of IL-8 250 

is induced by hyperosmolality and can be caused by different reagents, and the 251 

increase in the excretion is dependent on the level of osmolality [8, 24-28]. This 252 

is in agreement with the results obtained in the present study where IL-8 was 253 

up-regulated 37 and 15 fold by 200 mOsm raffinose and NaCl, respectively, 254 

compared to the control. No significant change in IL-8 was found by the 255 

treatment of urea, which was similar to the observations made in HT-29 cells 256 

treated with urea [27]. The lack of significant change in the cytokine-cytokine 257 

receptor interaction signaling pathway when treating with 200 mOsm urea, also 258 

indicated that urea did not induce an inflammatory-like response. As noted by 259 

Zoltán et al., the inflammatory-like response might be caused by cells shrinkage 260 

due to hyperosmolality [27]. Since urea can permeate the cell membrane and 261 

thereby act as an isotonic solution, urea will presumably not induce cell 262 

shrinkage and therefore not induce an inflammatory-like response. 263 

The association between hyperosmolality and inflammation has been shown 264 

both in vitro and in vivo [8, 24, 25]. The fluid surrounding the induced 265 

inflammatory response can reach an osmolality of 291-603 mOsm [8]. Oral 266 

intake of hyperosmotic solutions has resulted in inflammatory bowel disease-267 

like symptoms and hyperosmolality has been reported in ulcerative colitis and 268 

Chrohn’s disease [7, 24, 29].  These findings contribute to the hypothesis that 269 

hyperosmolality could be a part of inflammatory responses [25]. The present 270 

study adds data to support the hypothesis that hyperosmolality results in an 271 
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inflammatory-like response through the large significant increase in mRNA 272 

expression of cytokines in MDCK I cells after hyperosmotic treatment. However, 273 

as the present study is performed in epithelial renal cells, which under 274 

physiological conditions may be exposed to hyperosmolality, the inflammatory-275 

like response observed here might not be associated with a patho-physiological 276 

condition as suggested in other tissue. Some cytokines has already been 277 

associated with hyperosmolality including IL-8, IL-13, IL-15, IL-16, IL-18 IL-1, 278 

IL-1, IL-2, IL-6, LT-, TNF, TARC (ccl17), MCP-1 (ccl2), MIP3- α (ccl20), MIP1- 279 

α (ccl3), MIP1-β (ccl4), RANTES (ccl5), MCP-3 (ccl7) and CXCL1 [8, 24-28, 30]. In 280 

accordance to this, IL-8, IL-18, CCL2, CCL17 and CCL20 was also found to be up-281 

regulated by hyperosmolality in the present study. Furthermore, it was found 282 

that the chemokines CCL22, CCL24, CCL25 and CCL26 were a part of the 283 

inflammatory response caused by hyperosmolality, which to the best of our 284 

knowledge has not previously been reported. The identification of these 285 

chemokines could provide important insight into the inflammatory-like response 286 

of hyperosmolality. However, further studies need to be conduct to make a 287 

conclusion of the relevance of the identified chemokines. 288 

COX-2 is constitutively expressed in the kidney and regulated by NFAT [31]. In 289 

this study, the mRNA expression of COX-2 was up-regulated 69 and 116 fold by 290 

treatment of 200 mOsm NaCl and raffinose, respectively. Yang et al. have 291 

previously shown that the COX-2 protein level is increased in MDCK cells after 292 

hyperosmotic treatment [32]. Hyperosmolality might therefore be partly 293 

responsible for the constitutively expression of COX-2 in the kidney due to the 294 

natural occurrence of hyperosmolality in the kidney. 295 

 296 
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Hyperosmolality and ABC transporters 297 

Literature on ABC transporters in mammalian cells during hyperosmotic stress is 298 

limited.  In the “Database of Osmoregulated Proteins in Mammalian Cells” only 299 

five ABC transporters have been registered as being affected by hyperosmolality: 300 

ABCC2, ABCC5, ABCD1, ABCD3 and ABCC7 [33]. To our knowledge two studies 301 

have investigated the link between hyperosmolality and ABC transporter 302 

expression [34, 35]. In these studies, it was reported that ABCB1 (MDR1) and 303 

ABCC1 (MRP1) were up-regulated under hyperosmotic conditions. Furthermore, 304 

in a RNA-sequencing analysis Abca12 was found up-regulated by addition of 200 305 

mOsm NaCl (total of 500 mOsm) for 24 hours [19]. In the present study, 306 

hyperosmolality up-regulated Abcb1 and Abcc1. Moreover, Abca7, Abcb10 and 307 

Abcb6 were also up-regulated under both conditions. These findings suggested 308 

that the regulation of some ABC transporters is associated with hyperosmolality.  309 

The three most notable ABC transporters in cancer are MDR1, MRP1 and BCRP. 310 

Bcrp were not found expressed in MDCK I cells (data not shown), however, Mdr1 311 

and Mrp1 were up-regulated during hyperosmolality. Hyperosmolality related to 312 

the increase of the oncotic pressure in solid cancer could potentially be a part of 313 

the initial response for the increase in MDR1 and MRP1 seen in cancer.  314 

However, further studies need to be conducted to understand if hyperosmolality 315 

is part of the regulation of transporters in cancer. 316 

 317 

Hyperosmolality and SLC transporters 318 

Most of the transporters regulated by hyperosmolality belong to the SLC family. 319 

These regulated transporters are associated with hyperosmolality because they 320 

are a part of the regulatory volume increase (RVI).  RVI can be divided into two 321 
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major phases i) the acute/immediately phase and, ii) the adaptive phase. In the 322 

acute phase the SLC transporters involved are mainly the NaH+ exchangers 323 

(NHE, SLC9) and Na+-K+-2Cl-carrier (NKCC, SLC12) [5]. Of these, the NHE1 324 

(SLC9A1) and NKCC1 (SLC12A2) are the major mediators of RVI in many cell 325 

types [5]. In the present study, the adaptive phase (hours after exposure to 326 

hyperosmotic media) of the hyperosmotic response was investigated. An up-327 

regulation of Slc12a2 (Nkcc1) and other small ion transporters Slc9a7, Slc4a7 328 

and Slc26a5 were still observed after 24 hours.  329 

The most important membrane transporters in the adaptive phase of RVI are 330 

SLC6A6, SLC6A12 and SLC5A3, and all have been identified in MDCK cells [11-331 

13]. These transporters are responsible for transporting osmolytes (taurine, 332 

betaine and myo-inositol, respectively) into the cells, which are more compatible, 333 

compared to inorganic ions. In this study, Slc6a6 and Slc6a12 were highly up-334 

regulated at the transcription level. Slc5a3 only had very few reads in the RNA-335 

sequencing analysis, but had significantly more in the hyperosmotic treated cells 336 

compared to the control (data not shown). Due to the low read count, the 337 

biological relevance of Slc5a3 in MDCK I cell under our experimental conditions 338 

was questionable. The amino acid transport system A is activated during 339 

hyperosmotic stress and SLC38A2 (SNAT2) is a major part of the activation [36]. 340 

The response was, however, not detectable after 9 hours after the exposure of 341 

hyperosmolality [36].  Nonetheless, a transcriptional up-regulation of Slc38a2 of 342 

5 fold after 24 hours was still observed in the present study. The amino acid 343 

transporters Slc38a5, Slc38a8 and Slc7a6 were also up-regulated. This could 344 

indicate that other transporter than Slc38a2 were involved in the increased 345 

amino acid transport during hyperosmotic stress. Further functional studies 346 
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need to be conducted to confirm these findings. In two recent studies, Nielsen 347 

and co-workers showed that a transporter with the anionic drug substance 348 

ibuprofen as a substrate was up-regulated in MDCK I cells under condition 349 

similar to the ones employed here [37, 38]. However, there was only seen a 350 

functional effect, and the responsible gene(s) is not yet identified. Besides the 351 

transporters that have already been documented to be involved in the 352 

hyperosmotic response, the regulation of Slc5a8 was the most noteworthy. The 353 

expression was 292 and 272 fold higher in MDCK I cells treated with 200 mOsm 354 

raffinose or NaCl, respectively, for 24 hours compared to the control. SLC5A8 is a 355 

known tumor suppressor and is expressed in the kidney and the intestine [39, 356 

40]. The connection between hyperosmolality and SLC5A8 has to our knowledge 357 

not been identified before. The kidney and intestine are organs that are affected 358 

by high levels of hyperosmolality [41-43]. It could therefore be speculated if the 359 

expression of SLC5A8 could partly be caused by hyperosmolality. The role of 360 

SLC5A8 in hyperosmolality and how it is regulated by hyperosmolality is still to 361 

be investigated.  362 

Notable, the most important drug transporters in the kidney, OAT1, OAT3 and 363 

OCT2, were not expressed in the MDCK I cells neither in the control nor the 364 

treated cells (data not shown). This questions the ability of MDCK I cells to 365 

function as a general renal model for the secretion of xenobiotic compounds. 366 

This is an important observation as MDCK cell are used as a barrier model for 367 

epithelial cells. 368 

The treatment of 200 mOsm urea for 24 hours did not result in any major 369 

changes in the expression of membrane transporters in MDCK I cells. In a 370 

microarray study by Tian et al. none of the genes that were more than 3 fold 371 
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increased in mIMCD3 cells after treatment with 200 mOsm urea, were 372 

membrane transporters [44]. Despite the few membrane transporters affected by 373 

the treatment of 200 mOsm urea for 24 hours and the low change in the ones affected, 374 

urea still had a large effect on the expression of other genes. 375 

The present study provides a novel overview of membrane transporters that are 376 

regulated at a transcriptional level during hyperosmolality. The knowledge regarding 377 

solute carriers are highly understudied and skewed, and the biological function of 378 

many solute carriers are still unknown [14]. The present studied provides a starting 379 

point for understanding the relevance of solute carriers and transporters during 380 

hyperosmolality. This overview leads to a better understanding of membrane 381 

transporters during hyperosmolality and could potentially lead to the discovery of 382 

novel drug targets. 383 

Further studies need to be conducted to validate the regulation and to identify the 384 

relevance of the individual transporters during hyperosmotic conditions. 385 

 386 

Conclusion 387 

In the present study, new insight into genes regulated in response to 388 

hyperosmolality was provided. Data was presented that support the hypothesis 389 

that hyperosmolality may provide an inflammatory-like response and cytokines 390 

were identified, which have not previously been associated with an 391 

inflammation-like response caused by hyperosmolality. Furthermore, the data 392 

suggested that hyperosmolality regulates the transcriptional response of several 393 

membrane transporters other than the transporters directly involved in the RVI. 394 

Most notably Slc5a8, which was found highly expressed in hyperosmotic treated 395 

MDCK I cells. Further studies need to be conducted to determine the biological 396 
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significance of the regulated membrane transporters during hyperosmotic 397 

conditions.  398 

 399 

Methods and materials 400 

Materials 401 

Dulbecco's modified Eagle's medium (DMEM)/F-12, D-(+)-raffinose 402 

pentahydrate, urea, L-glutamine and penicillin/streptomycin solution were 403 

purchased from Sigma (St. Louis, MO, USA). Sodium chloride was purchased from 404 

VWR – Bie & Berntsen (Herlev, Denmark). Cell culture plastic ware was obtained 405 

from Corning Life Science (Wilkes Barre, PA, USA). Water was used from a Milli-406 

Q water purification system. Fetal bovine serum (FBS) was from Thermo Fisher 407 

Scientific (Waltham, MA). 408 

 409 

Cell cultivation 410 

MDCK I cells obtained from European Collection of Authenticated Cell Cultures 411 

(ECACC, Netherlands) were cultured using DMEM/F-12 containing 1 % 412 

penicillin-streptomycin, 2 mM L-glutamine and 10 % FBS in an atmosphere of 5 413 

% CO2- 95 % O2 at 37 C. The cells were cultured at a density of 7.6 x 104 cells per 414 

ml (total of 1.14 x 105 cells per well) in non-coated 24 well plates for a total of 415 

144 h.  The last 24 h of the cultivation, the cells were incubated with cell culture 416 

medium (300 mOsm) supplemented with urea, raffinose or NaCl, respectively, to 417 

a total final osmolality of 500 mOsmol in the medium. Control cells were cultured 418 

24 h in cell culture medium (300 mOsmol). Before preparation, the osmolality of 419 

the medium was calculated and afterwards measured using an Osmomat 030-d 420 

from Gonotec. The measured osmolality for the culture medium supplemented 421 
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with raffinose, NaCl, or Urea was 527  2, 503  2, and 510  3, respectively (3 422 

technical replicates). For the normal culture medium, the osmolality was 423 

measured to 309  1 (3 technical replicates). The osmolality will afterwards be 424 

mentioned as 500 and 300 mOsm for the supplemented culture mediums and the 425 

normal culture medium, respectively. All experiments were performed with 100 426 

% confluent cells. The degree of confluence was estimated by visualizing if the 427 

well area was completely covered with cells using light microscopy. 428 

 429 

RNA isolation and sequencing 430 

MDCK I cells cultured under isoosmotic (300 mOsm) and hyperosmotic 431 

conditions (urea, NaCl or raffinose; 500 mOsm) were used for RNA-sequencing. 432 

RNA from 12 different cell passages (i.e. biological replicates) were isolated from 433 

the MDCK I cells using Nucleospin® RNA/Protein (Machenerey-Nagel GmbH Co., 434 

Düren, Germany). The cell culture medium was removed before RNA extraction, 435 

leaving out of the analysis cells that had underwent apoptosis as a response to 436 

the hyperosmotic treatment. The purity of the RNA was measured with the 437 

Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.) using RNA 6000 Nano 438 

chips, following the protocol of the manufacturer.  All RNA samples had a RNA 439 

Integrity Number (RIN) above 8.5. 400 ng of RNA from each sample was used for 440 

the library preparation. The library preparation was performed using TruSeq 441 

RNA Library Preparation Kit v2 (Illumina, USA) according to the manufacturer’s 442 

protocol. Subsequent to library preparation, the samples were pooled into 4 443 

pools, one pool for each treatment condition (control, raffinose, NaCl and urea). 444 

A sample from each pool was sequenced. The sequencing was performed at the 445 

National High-throughput Sequencing Centre (Copenhagen, Denmark) using a 446 
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HiSeq2500 with single read and a length of 51. The RNA-sequencing dataset is 447 

available from the NCBI Gene Expression 452 Omnibus 448 

(https://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE110301.  449 

The quality of the sequence was evaluated using fastQC. The samples were 450 

mapped using Hisat 2.05 against the canis familiaris 3.1 genome, received from 451 

ensembl. Each sample was counted using featureCounts with the canis familiaris 452 

3.1 87 annotations.  453 

 454 

Statistical analysis 455 

DESeq2 was used to perform the statistical analysis [45]. All the samples were 456 

used to estimate the size factor and the dispersion. Genes where the sum of 457 

counts was below 5 in all 48 samples were excluded. The contrast function in 458 

DESeq2 was then used to compare the individual conditions to the control 459 

condition. An adjusted p-value of 0.05 was used to determine if a gene was 460 

differential expressed in a condition. To adjust the p-value for the false discovery 461 

rate, the Benjamini-Hockberg-Yekutieli method was used under the hypothesis 462 

that the gene expression is not independent. To determine if a pathway was 463 

significant regulated in a condition, the pathway topology-based analysis 464 

program Signal Pathway Impact Analysis (SPIA), was used [46]. KEGG signaling 465 

pathways were used in the pathway analysis, and the names giving by the KEGG 466 

database were used to refer to the individual pathway. The global p-value of the 467 

analysis was adjusted to control the family wise error rate using the Holm-468 

Bonferroni method and depicted significant if below 0.05. The global p-value was 469 

calculated by SPIA using the Fischer method. The pathways were visualized 470 

using Pathview [47]. 471 

https://www.ncbi.nlm.nih.gov/geo/
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Figure legends 637 

Figure 1. Venn-diagram of up-regulated (A) and down-regulated (B) genes 638 

in hyperosmotic treated MDCK I cells. MDCK I cells were treated with 200 639 

mOsm raffinose, NaCl or urea (total osmolality of 500 mOsm) and compared to 640 

the control (total osmolality of 300 mOsm). 19967 genes were expressed in 641 

MDCK I cells with more than 5 counts in the conditions raffinose, NaCl, urea 642 

(total osmolality of: 500 mOsm) and control (total osmolality:  300 mOsm). The 643 

statistical analysis between the treatments and control were performed with 644 

DESeq2 and the p-values were corrected for the false discovery rate by 645 

Benjamini-Hochberg-Yekutieli. An adjusted p-value below 0.05 was treated as 646 

significant. n = 12 cell passages per condition (independent biological replicates). 647 

 648 

Figure 2. Principle component analysis plot of the gene expression in 649 

hyperosmotic treated MDCK I cells. MDCK I cells were treated with 200 mOsm 650 

raffinose, NaCl or urea (total osmolality of 500 mOsm) and compared to the 651 

control (total osmolality of 300 mOsm). The MDCKI cells were treated with 200 652 

mOsm raffinose, NaCl or urea (total osmolality of 500 mOsm), respectively, and 653 

regular growth medium (control: total osmolality of 300 mOsm). The plot is 654 

created from the top 10,000 most variant genes by the PCAplot function in 655 

DESeq2. n = 12 cell passages per condition (independent biological replicates). 656 

 657 

Table 1. Regulation of signal pathways in hyperosmotic treated MDCK I 658 

cells. MDCK I cells were treated with 200 mOsm raffinose, NaCl or urea (total 659 

osmolality of 500 mOsm) and compared to the control (total osmolality of 300 660 
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mOsm). SPIA was used to perform the statistical analysis. Fischer’s method was 661 

used to combine p-values into a global p-value (pG). The global p-value was 662 

family wise adjusted by the Holm-Bonferroni method (pGHolm) and treated as 663 

significant with a pGHolm value above 0.05. The results are based on n = 12 cell 664 

passages per condition (independent biological replicates). 665 

 666 

Figure 3. Expression of genes in the cell cycle pathway from KEGG rendered 667 

by Pathview. The left side of a node represent the expression in raffinose 668 

treated MDCK I cells (500 mOsm) compared to the control (300 mOsm), whereas 669 

the right side of a node represent the expression in NaCl treated MDCK I cells 670 

(500 mOsm) compared to the control (300 mOsm).  Blue colouring is down-671 

regulation, red colouring is up-regulation, grey is no regulation and white 672 

represent that the gene is not part of the analysis either because of no or below 5 673 

counts in all of the 48 samples. DESeq2 was used to calculate the differential 674 

change. 675 

 676 

Figure 4. Expression of genes in the Cytokine-cytokine receptor interaction 677 

pathway from KEGG rendered by Pathview. The left side of a node represent 678 

the expression in raffinose treated MDCK I cells (500 mOsm) compared to the 679 

control (300 mOsm), whereas the right side of a node represent the expression 680 

in NaCl treated MDCK I cells (500 mOsm) compared to the control (300 mOsm).  681 

Blue colouring is down-regulation, red colouring is up-regulation, grey is no 682 

regulation and white represent that the gene is not part of the analysis either 683 
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because of no or below 5 counts in all of the 48 samples. DESeq2 was used to 684 

calculate the differential change. 685 

 686 

Figure 5. Expression of genes in the Chemokine signaling pathway from 687 

KEGG rendered by Pathview. The left side of a node represent the expression 688 

in raffinose treated MDCK I cells (500 mOsm) compared to the control (300 689 

mOsm), whereas the right side of a node represent the expression in NaCl 690 

treated MDCK I cells (500 mOsm) compared to the control (300 mOsm).  Blue 691 

colouring is down-regulation, red colouring is up-regulation, grey is no 692 

regulation and white represent that the gene is not part of the analysis either 693 

because of no or below 5 counts in all of the 48 samples. DESeq2 was used to 694 

calculate the differential change. 695 

 696 
Table 2. Up-regulated membrane transporters in hyperosmotic treated 697 

MDCK I cells. MDCK I cells were treated with 200 mOsm raffinose, NaCl or urea 698 

(total 500 mOsm) compared to the control (total 300 mOsm). The statistical 699 

analysis was performed with DESeq2 and the false discovery rate was controlled 700 

by Benjamini-Hochberg-Yekutiel method with a significance level of 0.05. 701 

Transporters depicted in the table are transporters, which are up-regulation 702 

more than 2 fold (expressed as log 2 fold>1) and have a base mean of the 703 

normalized counts of more than 50. The depicted log2 fold changes and SE 704 

values were calculated by DESeq2. n = 12 cell passages per condition 705 

(independent biological replicates). 706 

 707 
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Table 3. Down-regulated membrane transporters in hyperosmotic treated 708 

MDCK I cells. MDCK I cells were treated with 200 mOsm raffinose, NaCl or urea 709 

(total 500 mOsm) and compared to the control (total 300 mOsm. The statistical 710 

analysis was performed with DESeq2 and the false discovery rate was controlled 711 

by Benjamini-Hochberg-Yekutiel method with a significance level of 0.05. 712 

Transporters depicted in the table are transporters, which are up-regulated 713 

more than 2 fold (expressed as log2 fold>1) and have a base mean of the 714 

normalized counts of more than 50. The depicted log2 fold changes and log2 SE 715 

values were calculated by DESeq2. n = 12 cell passages per condition 716 

(independent biological replicates) 717 













Treatment KEGG pathway Pathway ID pGHolm Status 

Urea Antigen processing and 

presentation 

04612 0.0009  Inhibited 

Urea Asthma 05310 0.0028 Inhibited 

Urea Type I diabetes mellitus 04940 0.0039 Inhibited 

Urea Intestinal immune network 

for IgA production 

04672 0.0039 Inhibited 

Urea Autoimmune thyroid disease 05320 0.0058  Inhibited 

Urea Allograft rejection 05330 0.0065 Inhibited 

Urea Graft-versus-host disease 05332 0.0065 Inhibited 

Urea Rheumatoid arthritis 05323 0.0085  Inhibited 

Urea Systemic lupus 

erythematosus 

05322 0.0090 Inhibited 

Urea Platinum drug resistance 01524 0.0295 Inhibited 

NaCl Cell cycle 04110 0.0024  Activated 

NaCl Chemokine signaling 

pathway 

04062 0.0098 Activated 

NaCl Intestinal immune network 

for IgA production  

04672 0.0100 Inhibited 

NaCl Asthma 05310 0.0102  Inhibited 

NaCl Cytokine-cytokine receptor 

interaction 

04060 0.0114 Activated 

Raffinose Cell cycle 04110 0.0003  Activated 

Raffinose Chemokine signaling 

pathway 

04062 0.0089 Activated 

Raffinose Asthma 05310 0.0109  Inhibited 

Raffinose Cytokine-cytokine receptor 

interaction 

04060 0.0115 Activated 

 



Membrane 

transporter 

Log2 fold change 

(raffinose) 

Log2 fold change 

(NaCl) 

Log2 fold change 

(urea) 

Slc5a8 8.2 ± 0.4 8.1 ± 0.4  - 

Slc6a12 7.4 ± 0.4 7.0 ± 0.4  - 

Slc4a7 3.5 ± 0.1  3.6 ± 0.1  - 

Slc6a6 2.9 ± 0.1  2.5 ± 0.1  - 

Abca7 2.7 ± 0.2 2.6 ± 0.2   - 

Slc52a3 2.6 ± 0.3 2.1 ± 0.3  - 

Slc12a2 2.6 ± 0.1  2.1 ± 0.1  - 

Slc14a1 2.5 ± 0.2  3.9 ± 0.2   - 

Abcb10 2.2 ± 0.1  2.1 ± 0.1  - 

Slc2a6 2.2 ± 0.1  2.1 ± 0.1  - 

Slc38a2 2.2 ± 0.1 2.0 ± 0.1  - 

Slc35f6 2.2 ± 0.1 1.9 ± 0.7  - 

Slc30a4 1.9 ± 0.1  1.9 ± 0.1  - 

Slc11a1 1.9 ± 0.1  1.6 ± 0.1  1.9 ± 0.1 

Abcc1 1.9 ± 0.1  1.5 ± 0.1  - 

Slco4a1 1.8 ± 0.1  1.6 ± 0.1  - 

Slc17a5 1.5 ± 0.1  1.4 ± 0.1  - 

Slc7a6 1.5 ± 0.1  1.2 ± 0.1  - 

Slc38a5 1.5 ± 0.1  1.1 ± 0.1  - 

Abcb6 1.4 ± 0.1  1.1 ± 0.1  - 

Slc41a2 1.4 ± 0.1  1.1 ± 0.1  - 

Slc38a9 1.3 ± 0.1  1.2 ± 0.1  - 



Slc9a7 1.3 ± 0.1  - - 

Abca2 1.3 ± 0.1  - - 

Slc26a6 1.3 ± 0.1  1.1 ± 0.1  - 

Slc35e4 1.2 ± 0.1  - - 

Slc25a23 1.2 ± 0.1  1.2 ± 0.1  - 

Abcb1 1.2 ± 0.1  1.0 ± 0.1  1.4 ± 0.1  

Slc25a35 1.1 ± 0.1  1.1 ± 0.1  - 

Slc39a14 1.1 ± 0.1  1.0 ± 0.1  - 

Slc44a1 1.1 ± 0.1  - - 

Abca1 1.0 ± 0.2  - - 

Slc25a29 - 1.0 ± 0.1  - 

Slc2a9 - - 1.2 ± 0.1  

Slc6a17 - - 1.1 ± 0.2  

Slc34a3 - - 1.1 ± 0.2  

Slc45a3 - - 1.0 ± 0.1  

 



Membrane 

transporter 

Log2 fold change 

(raffinose) 

Log2 fold change 

(NaCl) 

Log2 fold change 

(urea) 

Slco2b1 -5.8 ± 0.3 -5.4 ± 0.3  -3.5 ± 0.3 

Slc6a14 -2.7 ± 0.3 -2.3 ± 0.3 -2.7 ± 0.3 

Slc40a1 -2.5 ± 0.2 -2.0 ± 0.2 - 

Slc35f2 -1.8 ± 0.1  -1.4 ± 0.1 - 

Slc19a1 -1.7 ± 0.1 -1.3 ± 0.1 - 

Abcb4 -1.6 ± 0.1  -1.3 ± 0.1 - 

Slc2a12 -1.5 ± 0.2 - - 

Abcc5 -1.4 ± 0.1 -1.3 ± 0.1 - 

Slc37a2 -1.4 ± 0.2 - - 

Slc43a2 -1.3 ± 0.1 -1.9 ± 0.1 - 

Slc22a18 -1.3 ± 0.1 -1.4 ± 0.1 -1.2 ± 0.1 

Slc29a3 -1.3 ± 0.1 -1.3 ± 0.1 - 

Slc16a12 -1.1 ± 0.1 - - 

Slc44a3 -1.1 ± 0.1 - - 

Slc30a1 -1.0 ± 0.1 - - 

Slc20a1 - -1.1 ± 0.1  - 

Abca7 - - -1.5 ± 0.2 

Abcc4 - - -1.4 ± 0.1 

Abca13 - - -1.3 ± 0.3 

Slc4a8 - - -1.3 ± 0.1 

Slc9a2 - - -1.1 ± 0.1 

Slc25a23 - - -1.1 ± 0.1 



 

Slc48a1 - - -1.0 ± 0.1 
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