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Abstract  15 

Elevated non-esterified fatty acids (NEFAs) have been recognized as an important link between 16 

lipolytic metabolic conditions and impaired fertility in high yielding dairy cows. However, NEFA-17 

effects on the oviductal micro-environment currently remain unknown. We hypothesize that 18 

elevated NEFAs may contribute to the complex pathology of subfertility by exerting a negative effect 19 

on Bovine Oviductal Epithelial Cell (BOEC)-physiology. Therefore, the objectives of this study were to 20 

elucidate direct NEFA-effects on BOEC-physiology in three different in vitro cell culture systems. 21 

BOECs (4 replicates) were mechanically isolated, pooled and cultured as conventional monolayers, as 22 

explants and in a polarized cell culture system (PCC) with DMEM/F12-based culture medium. BOECs 23 

were exposed to a NEFA-mixture of oleic (OA), stearic (SA) and palmitic acid (PA) for 24h at both 24 

physiological and pathological concentrations. A control (0µM NEFA) and a solvent control (0µM 25 

NEFA + 0.45% ethanol) group was implemented. BOEC-physiology was assessed by means of cell 26 

number and viability, a sperm binding assay, transepithelial electric resistance (TER) and a wound 27 

healing assay. BOEC morphology was assessed by scanning electron microscopy on cell polarity, 28 

presence of microvilli and cilia, and monolayer integrity. BOEC-number was negatively affected by 29 

increasing NEFAs, however cell viability was not. Sperm binding affinity significantly decreased with 30 

increasing NEFAs and tended (P=0.051) to be more affected by the direction of NEFA-exposure in the 31 

PCC. The absolute TER-increase post-NEFA-exposure in the control (110±11 Ω.cm2) was significantly 32 

higher than in all the other treatments and was also different depending on the exposure side. 33 

Bidirectional exposed monolayers were even associated with a significant TER-reduction (-34 

15±10 Ω.cm2) (P<0.05). Cell proliferation capacity showed a decreased cell migration with increasing 35 

NEFA-concentrations, but was irrespective of the exposure side. BOEC morphology was not affected. 36 

In conclusion, in an in vitro setting NEFAs exert a negative effect on BOEC physiology, but not 37 

morphology. Ultimately, these physiological alterations in its micro-environment may result in 38 

suboptimal development of the pre-implantation embryo and a reduced reproductive outcome in 39 

dairy cattle. 40 

Keywords: Bovine oviduct, fatty acids, maternal metabolism, subfertility 41 
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Introduction 42 

In dairy cattle, decades of extensive genetic selection to promote milk yield coincided with a 43 

significantly lower fertility outcome, partly due to a decreased oocyte quality and an increased early 44 

embryonic mortality rate [1]. Typically reduced estrus expression, and a retarded postpartum onset 45 

of ovarian cyclicity result in a much longer calving interval and thus significant economic losses [2]. 46 

These observations are associated with specific metabolic and hormonal changes in the blood of 47 

modern dairy cattle [3,4]. 48 

Among these metabolic changes, elevated non-esterified fatty acid concentrations, due to 49 

upregulated lipolysis typically during periods of negative energy balance, have been recognized as 50 

important detrimental factors within the female reproductive tract at follicular, oocyte [5,6,7] and 51 

early embryonic level [8,9]. Recently, Valckx et al. [10] noticed that long term in vitro NEFA-exposure 52 

hampers murine early pre-antral follicular development, while Van Holder et al. [11] and Mu et al. 53 

[12] registered negative influences of NEFAs on bovine and human granulosa and theca cell 54 

proliferation, respectively, and on the steroidogenesis. Also, murine [10] and bovine [5,6,7,9] oocyte 55 

developmental competence is drastically reduced after NEFA-exposure during the final oocyte 56 

maturation, significantly affecting embryo quality and energy metabolism [8,9]. Embryos show a 57 

reduced blastocyst cell number, increased apoptotic cell ratio and altered gene expression patterns 58 

[8]. Whether elevated NEFAs also have an immediate effect on the oviductal micro-environment, is 59 

not yet known.  60 

The oviduct is a crucial organ in reproduction [13-17] and specifically in early embryonic 61 

development [18,19]. Both Rizos et al. [20], Maillo et al. [21] and Matoba et al. [22] indicated that 62 

the conditions within the reproductive tract may impair its ability to support the early embryo and 63 

may contribute to early embryonic mortality. However, up until now the underlying causes to these 64 

observations remain unknown and studying oviduct physiology remains straining to perform [23-25]. 65 

In vitro research for morphological [24,26-28] and functional [29-32] characteristics of bovine 66 

oviductal epithelial cells (BOECs) has provided us with three different, well-established cell culture 67 
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systems allowing the acquisition of mechanistic insights and observation of cellular pathways: 1) 68 

monolayers grown at the bottom of culture plates [33], and 2) a BOEC suspension system with a high 69 

maintenance of physiological  cellular characteristics [34-36], or 3) in hanging inserts [37-39] of a 70 

polarized cell culture (PCC) system allowing bidirectional cell exposure. 71 

Ultimately, the objective of this study was to elucidate the direct effects of NEFAs on the oviductal 72 

micro-environment. We hypothesized that elevated NEFAs may influence BOEC-physiology, by 73 

possibly altering the oviductal micro-environment that hosts early development of the pre-74 

implantation embryo, and thus may affect overall fertility. Hereto, BOEC-morphology, quality and 75 

functionality, was studied by assessing BOEC number, viability, proliferation capacity, monolayer 76 

integrity, morphological characteristics and sperm binding capacity after a 24h in vitro NEFA 77 

exposure period at physiologically relevant concentrations. Furthermore, BOECs were cultivated in 78 

three different cell culture systems to compare the outcome of the specific parameters observed and 79 

to estimate the biological relevance of the systems used. 80 

Materials and methods 81 

All chemicals were purchased from Life Technologies® (Carlsbad, California, USA), unless otherwise 82 

stated. 83 

1. Collection, transport and harvesting of BOECs 84 

For each experiment, four bovine, early luteal phase (days 3 to 5 of the estrous cycle) oviducts were 85 

obtained in a local slaughterhouse and selected on ovarian morphology accordingly to the method 86 

described by Ireland et al. [37,40]. The oviducts were dissected free of surrounding tissues and 87 

maximally 2 to 3h upon collection they were processed in the laboratory under controlled air 88 

conditions. The infundibulum and the lower part of the uterotubal junction were removed and the 89 

remaining oviductal parts were washed in Hanks Buffered Saline Solution (HBSS) (room 90 

temperature). 91 

Bovine oviductal epithelial cells (BOECs) were mechanically isolated, by squeezing the oviducts 92 

between thumb and index finger, and pooled in warm HBSS. Following 2 rounds of centrifugation for 93 



5 

5 min at 971 x g, the BOECs were easily distinguishable from the overlaying erythrocytes. The 94 

supernatant was discarded and the BOECs were pipetted and resuspended in warm and equilibrated 95 

(38,5°C, 5% CO2, 20% O2) culture medium based on DMEM and Ham’s F-12 nutrient mixture (1:1), 96 

and containing 0.75% BSA (essentially fatty acid free; Sigma-Aldrich, St-Louis, MO, USA), 5% serum 97 

(2.5% Fetal Bovine serum, Greiner Bio-One, Frickenhausen, Germany; and 2.5% Newborn Calf Serum, 98 

Sigma-Aldrich, St-Louis, MO, USA), 2.5% penicilline/streptomycine and 2% amphotericine B. Cell 99 

count and cell viability testing were performed with a Bürker Counting Chamber (W. Schreck, 100 

Hofheim) and Trypan Blue. BOECs were diluted to a density of 1 x 106 cells/mL and seeded in three 101 

different culture systems as described below. The culture medium was renewed after 24h and 102 

subsequently every 48h. 103 

2. Assessment of epithelial cell purity and polarity 104 

A. Immunocytochemistry 105 

The epithelial origin of the isolated BOECs was confirmed by subjecting the cells to 106 

immunocytochemical staining for the expression of cytokeratins using monoclonal mouse anti-107 

human cytokeratin antibodies (clone AE1/AE3), biotinylated goat anti-mouse antibodies, 108 

streptavidine / horseradish peroxidase and AEC substrate-chromogen (Dako, Denmark) according to 109 

the manufacturer’s instructions. BOECs were grown in 4-well culture plates: 1) as freshly retrieved 110 

BOECs, 2) as first passage BOECs after a 7-day culture period in a culture flask (to increase cell purity), 111 

trypsinized and reseeded on glass inlets, and 3) as freshly retrieved BOECs cultured as monolayers on 112 

hanging inserts in a PCC-system. 113 

Cytokeratin stained cells were compared to non-stained cells, and a fibroblast culture of fetal bovine 114 

cartilage was used as a negative control, and non-specific binding reactions of the secondary and 115 

tertiary antibodies were excluded. Morphologic evaluation was performed by an inverted light 116 

microscope, and the imaging software of CellD* was used to assess the ratio of cytokeratin positive 117 

and negative cells. 118 

B. Scanning Electron Microscopy 119 
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Scanning Electron Microscopy was used to visualize BOEC polarity (i.e. monolayer formation, 120 

confluency, cell orientation) and differentiation level of BOECs grown on polyester membranes of 121 

hanging inserts (ThinCert, Greiner Bio-One, Frickenhausen, Germany). Hereto, BOEC-monolayers 122 

were washed twice with Krebs solution and fixed with 2.5% glutaraldehyde (in 0.1M Na+-cacodylate) 123 

at 4°C for 24h. The cells were rinsed three times for 20 minutes in cacodylate buffer containing 7.5% 124 

saccharose after which the insert membranes (polyester) were removed from their polystyrene 125 

housing and placed in a clean well of a 12-well plate containing cacodylate buffer. Subsequently, cells 126 

were dehydrated in an ascending series of ethanol concentrations (70%, 90%, 95% each for 15 127 

minutes at room temperature, and 100% for 3x 30 minutes) and submitted to critical point drying in 128 

a Leica EM CPD030 after which the monolayers were mounted on a stub and gold coated in a Sputter 129 

coater. SEM-imaging was performed with a SEM 515 (Philips, The Netherlands) at different 130 

magnifications. Monolayers were assessed on cell polarity, the presence of microvilli and cilia, 131 

monolayer integrity and cell growth [41]. For each treatment 2 monolayers were processed, and all 132 

results are descriptive, not quantified. 133 

3. Preparation of NEFA-treatments 134 

The types and concentrations of free fatty acids used are based upon the in vivo concentrations 135 

found in the serum of high yielding dairy cows in negative energy balance (NEB) [6]. The oviductal 136 

luminal fluid (OLF) is essentially an ultrafiltration from the serum [42], complemented with a cycle-137 

dependent active secretion of the outlining epithelial cells [43,44], follicular fluid (FF) and cumulus 138 

cells released after ovulation [45,46]. Therefore, it is assumable that NEFAs can occur in the OLF like 139 

they occur in the serum. Preliminary data in our laboratory suggest a correlation between serum-140 

NEFA-concentrations and those measured in the OLF, similar to the observations made between 141 

serum. Based on these findings we established 4 treatment groups: 142 

1) Control group without NEFAs, 2) Basal physiological NEFA-concentrations of 72 µM, ranging up 143 

until 3) 360 µM in Moderate elevated though physiological concentrations, and 4) 720 µM in High 144 

pathological and potentially cytotoxic metabolic conditions. 145 
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Stearic Acid (SA), Palmitic Acid (PA) and Oleic Acid (OA) (Sigma-Aldrich, St-Louis, MO, USA) were 146 

dissolved in a stock solution of pure ethanol at concentrations of 25, 150 and 200 mM, respectively. 147 

These ethanol stock solutions were vortex-mixed for 4 minutes and diluted to obtain the desired final 148 

concentration in the culture medium. Prior to use, all media were vigorously shaken and filter-149 

sterilized under aseptic conditions. NEFA solvability was checked in all NEFA-medium samples prior 150 

to exposure to determine whether the intended concentrations were actually achieved. Final NEFA 151 

concentrations were measured at the ‘Algemeen Medisch Labo’ (Antwerp, Belgium), using 152 

commercial photometric assays, RX Daytona (Randox Laboratories). Measurements were carried out 153 

according to manufacturers’ instructions. 154 

4. Experimental design: 155 

To obtain optimal use of the beneficial characteristics of each culture system, three experiments 156 

each using a different in vitro approach, were set-up. Static monolayers are most suited to study 157 

morphological characteristics (experiment 1), while explants (experiment 2) better maintain 158 

functional cell characteristics such as ciliary activity [33,34,47] and monolayers grown on hanging 159 

inserts (experiment 3) allow a more physiological relevant NEFA exposure on polarized cells [48]. 160 

All experiments were performed in 4 replicates. 161 

Experiment 1: NEFA-toxicity on BOEC monolayers in conventional culture plates 162 

In a first experimental set-up an overall sensitivity of BOECs to NEFAs was assessed. Hereto, BOECs 163 

were seeded in 12-well culture plates (wells n = 192; 3 wells per treatment and outcome parameter 164 

in each of 4 replicates) (Nunclon, Roskilde, Denmark) at 1 x 106 cells/mL and incubated at 38.5°C, 5% 165 

CO2 in humidified air. After 24h in culture the cells were washed and the non-adherent cells were 166 

removed. Subsequently, culture medium was changed every 48h. Confluency of the monolayers 167 

(>95%) was determined by phase contrast inverted light microscopy (Olympus, CKX41) and was 168 

reached at Day 5 of culture, after which exposure to different NEFA concentrations started for 24h in 169 

5 experimental groups: 1. Control group (0µM NEFA), 2. Solvent Control group (0 µM NEFA + 0.45% 170 

ethanol), 3. Basal group (72 µM NEFA), 4. Moderate group (360 µM NEFA), and 5. High group 171 
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(720 µM NEFA). After 24h NEFA-exposure BOEC cell number, cell viability, sperm binding capacity, 172 

and cell migration capacity were determined (see below). 173 

Based on the results of experiment 1 and the lack of effects of the solvent on the outcome parameters 174 

assessed, the solvent control treatment group was excluded from further experiments. 175 

Experiment 2. NEFA-toxicity in a suspension culture system 176 

To estimate the immediate effects of NEFAs on BOEC-explants, BOECs were seeded in 4-well plates 177 

(Nunclon, Roskilde, Denmark) at 1 x 106 cells/mL and incubated for 2h at 38.5°C, 5% CO2 in air,  in 178 

normal culture medium as described above, in 4 replicates (total observations n = 160; n = 10 per 179 

treatment group and per replicate). After 1h BOECs slowly started to adhere to the bottom of the 180 

recipient, while some cells remained in suspension in their natural coherence forming BOEC-explants 181 

[33,49]. Approximately 100 BOEC-explants per well were size selected using a stereomicroscope and 182 

a hand-held glass pipette. After selection, the BOEC-explants were transferred in new, sterile 4-well 183 

plates, and divided in the same experimental groups as described for experiment 1. After 24h NEFA-184 

exposure the explants were removed from the NEFA containing medium and replaced in normal 185 

culture medium, after which sperm cell co-incubation was performed as described below. The sperm 186 

binding capacity of the BOEC-explants was determined by inverted light microscopy and Cell*-187 

imaging software where only explants between 10 000 and 40 000 µm2 were taken into 188 

consideration to limit binding variances due to differences in explant size [50]. 189 

Experiment 3. NEFA-toxicity on BOEC monolayers in a Polarized Cell Culture system 190 

BOECs were directly seeded at 1 x 106 cell/mL on laminin coated, polyester membranes of hanging 191 

inserts (wells n = 192; 12 wells per treatment in 4 replicates) (ThinCert, Greiner Bio-One, 192 

Frickenhausen, Germany; 12 wells, 0.4 µm pores, pore density 2 x 10-6cm2), to create a two 193 

compartment, PCC-system to support cell growth. Monolayer confluency was estimated visually by 194 

inverted light microscopy, and through daily measurements of the transepithelial electric resistance 195 

(TER) using an Avometer (Millicell-ERS®, Millipore, Massachusetts, USA). Monolayer formation was 196 

considered confluent and free of leakage between both compartments, when the TER-recordings 197 
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reached approximately 700 Ω.cm2 [51] at Day 7-9. As a control physiological serum NEFA-198 

concentrations of 72 µM were applied, while to provoke negative effects on the cells, pathological 199 

serum NEFA-concentrations of 720 µM were used, exposing the monolayers for 24h as depicted in 200 

figure 1. 201 

5. Outcome parameters 202 

BOEC morphology: Scanning Electron Microscopy (experiment 3) 203 

BOEC-morphology was assessed using Scanning Electron Microscopy for monolayers on inserts for 204 

each of the 4 treatment groups in experiment 3. Cell polarity, the presence of microvilli and cilia, 205 

monolayer integrity and cell growth were assessed. SEM was performed only in experiment 3 to 206 

illustrate the added value of the hanging inserts on the preservation of BOEC natural characteristics. 207 

BOEC Number and Viability: Hemocytometer and Trypan Blue staining (experiment 1&3) 208 

After 24h NEFA-exposure, three wells per experimental group were washed with 500µl of pre-209 

warmed DPBS (without Ca2+, Mg2+). For 10 minutes 200µl trypsin was added to each well at room 210 

temperature, until all cells were detached. The enzymatic reaction was stopped by adding 700µl 211 

normal culture medium containing both serum and BSA, after which the cell suspension was 212 

homogenized. A hemocytometer (Bürker Counting Chamber, W. Schreck, Hofheim) and a trypan blue 213 

dye-based exclusion method was used to determine cell number and cell life/death-ratio. Briefly, the 214 

cell suspension and trypan blue 0.4% were mixed in a 1:1 ratio and BOECs were counted while a 215 

distinction could be made between the unstained live cells and the blue dye containing dead cells 216 

[52]. Results were expressed in cells/μl and % of live to total cells, respectively. 217 

BOEC quality: Sperm Binding Capacity (experiment 1, 2, 3) 218 

The same batch of frozen bovine semen, pooled from three bulls of proven fertility, was used in all 3 219 

experiments. Straws were thawed in a water bath at 37°C for 30 seconds. Live and motile 220 

spermatozoa were selected by centrifugation on a discontinuous Percoll gradient (90% and 45%, 221 

Amersham Biosciences, Roosendaal, The Netherlands). Three wells in each experiment were co-222 

incubated with 1 × 106 motile sperm cells in 0.5 mL TALP + BSA (without heparin) for 30 min, 223 
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according to Lefebvre and Suarez [53], and Gualtieri and Talevi [30]. The non-bound sperm cells were 224 

washed off with prewarmed DPBS. The monolayers or explants with bound sperm were fixed in 4% 225 

paraformaldehyde (VWR international, Radnor, PA, USA) for 30 minutes at room temperature. The 226 

number of bound sperm cells was counted according to a modification of Gualtieri and Talevi [30] in 227 

4 fields of a predetermined dimension in 2 or 3 wells per time point in experiment 1 and 3, and in 10 228 

size selected (10 000 - 40 000 µm2) explants per treatment in experiment 2 using an inverted 229 

microscope (×400) (Olympus CKX41). All counts were performed blinded to treatment. 230 

BOEC functionality: Wound Healing Assay / in vitro scratch assay (experiment 1&3) 231 

In experiment 3, a wound healing assay was performed to study cell migration capacity. Hereto, an 232 

artificial gap was made in the center of each monolayer using a 200µl pipette tip. Loose cells were 233 

washed away using standard culture medium. Cells at both sides of the scratch migrated toward each 234 

other in order to re-establish confluency. Immediately after creating the scratch and at hourly 235 

intervals, images were captured during 8 consequent hours using inverted light microscopy 236 

(Olympus, CKX41). To obtain the same field of interest during the observations, etches were made on 237 

the bottom of each well (using a needle) used as microscopic reference points to assure 238 

measurements were always carried out at the exact same spot. Cell D* imaging software was used to 239 

measure the wound diameter and to determine cell migration rate by comparison of the consecutive 240 

images and diameters over time [54]. 241 

BOEC-monolayer integrity: Transepithelial Electric Resistance (experiment 3) 242 

During the entire culture period in experiment 3 monolayer integrity was assessed daily through TER-243 

measurements, both prior and post NEFA-exposure. Hereto, a Millicell-ERS (Millipore, 244 

Massachusetts, USA) was used according to the manufacturer’s instructions. Monolayers were 245 

considered to be confluent when TER-values exceeded 700 Ω.cm2 [51]. 246 

TER = (Rsample – Rblank) x effective membrane area 247 

6. Statistical analysis 248 

Data are expressed as means ± SD. Trial data were analyzed as a completely randomized design using 249 
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SPSS 19.0 for Windows, (Chicago, IL, USA). Values of P<0.05 were considered statistically significant. 250 

Mean differences of cell viability (percentage live cells relative to total cell number), cell count, 251 

sperm binding, wound closure (change expressed as percentage relative to the initial wound 252 

diameter) and TER changes during exposure (change expressed as percentage relative to the TER 253 

before exposure) among experimental groups were compared with ANOVA and a post-hoc Scheffe 254 

test including the fixed effect of the treatment, the random effect of the replicate and the interaction 255 

of these two factors. Only when the interaction term was not significant, it was left out from the final 256 

statistical model. TER and wound size before and after closure were first compared using a paired 257 

samples t-test to identify changes significantly different from zero. For normality and equality of 258 

variance reasons, TER data were log transformed before statistical analysis. 259 

Results 260 
Assessment of epithelial cell purity and polarity 261 
1. Immunocytochemistry 262 

Cells positive for cytokeratins were stained red (figure 2), while negative cells remained unstained. 263 

Overall analysis of the immunocytochemical staining showed >95% positive cells for anti-cytokeratin 264 

antibodies, thus confirming the epithelial origin and purity of the cells isolated and cultured in both 265 

conventional monolayers, and monolayers grown on hanging inserts. Also, freshly retrieved 266 

monolayers and monolayers from a first cell passage did not differ significantly in cell purity.   267 

2. Scanning Electron Microscopy 268 

The efficacy of the isolation and cultivation protocol was critically assessed by scanning electron 269 

microscopy. All monolayers showed signs of cellular polarity (figure 3. A) and differences in cell 270 

height. The apical side of the monolayers showed the presence of both microvilli and cilia (figure 3. 271 

B), though the latter were confined to specific regions within the monolayers and seemed less 272 

oriented when compared to ex vivo images [32]. Several interruptions in monolayer integrity were 273 

seen (figure 3. C), but might have been artificially induced during sample preparations. The presence 274 

of white flakes in between the cells (figure 3. A,C,D) may indicate cellular secretions [55]. 275 
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Experiment 1: NEFA-toxicity on BOEC-monolayers in conventional culture plates 276 

BOEC-number (figure 4A) was significantly lower after 24h exposure in treatment groups exposed to 277 

increased NEFA-concentrations (P<0.05). Cell viability (figure 4B)  was comparable between the 278 

different treatment groups, regardless of the aplied NEFA-concentrations. The number of bound 279 

spermatozoa to BOECs was compared between the different treatment groups (figure 4C), indicating 280 

that increased NEFA-concentrations (Moderate and High NEFA-groups) induce a significantly reduced 281 

BOEC-sperm binding capacity (P<0.05). Basal NEFA-concentrations at 72µM did not affect the 282 

outcome of this parameter compared to the control (0 µM NEFA). Looking at the BOEC migration 283 

capacity in figure 4D, only the High NEFA-group showed a reduced ability to close an artificial wound 284 

within the monolayers (P<0.05). All other treatment groups showed comparable results. The solvent 285 

did not affect the results in the outcome parameters tested and showed results comparable to the 286 

control group in which no NEFAs were added.   287 

Experiment 2. NEFA-toxicity in a suspension culture system 288 

24h NEFA exposure to BOECs in a suspension culture system showed a statistically significant 289 

reduced sperm binding for the Moderate and the High NEFA groups, of 59.19% and 68.05% 290 

respectively, when compared to the Control group (figure 5). Also, there was a significant difference 291 

in sperm binding between the Basal (196.25 ± SD 30.92 spermatozoa/0.05mm2) and the High (148.75 292 

± SD 50.23 spermatozoa/0.05mm2) treatment group (P<0.05). 293 

No statistical differences were found in average explant surface area within the different replicates 294 

nor treatment groups. 295 

Experiment 3. NEFA-toxicity on BOEC monolayers in a Polarized Cell Culture system 296 

BOEC morphology, as assessed on cell polarity, presence of microvilli and cilia, cellular outlining and 297 

secretion, was not affected by a 24h exposure time to the different NEFA treatments. 298 

As indicated in figure 6 BOEC number (figure 6. A) was significantly higher in treatment 1 (Control) 299 

(34.92 ± 12.13x106 cells/mL) when compared to all the other treatments. Also, cell number in 300 

treatment 4 (21.33 ± 10.26x106 cells/mL) was significantly lower as compared to all other treatments. 301 



13 

The average cell viability varied between 90 and 95%, but no significant differences were detected 302 

between the different treatments (data not shown). 303 

Sperm binding capacity (figure 6. B) in treatment 1 (97.90 ± 10.76 spermatozoa/0.05mm2) was 304 

significantly higher than in all other treatments. Also treatment 2 (68.55 ± 15.38 305 

spermatozoa/0.05mm2) showed significant higher sperm binding capacity than treatment 4 306 

(31.28 ± 6.16 spermatozoa/0.05mm2) (P<0.05) and tended to be higher than treatment 3 307 

(39.95 ± 19.30 spermatozoa/0.05mm2) (P=0.051). Overall, sperm binding was negatively affected by 308 

bidirectional NEFA-exposure when compared to unidirectional exposure, and tended to be affected 309 

by the exposure side where NEFA-exposure in the upper compartment tended to reduce monolayer 310 

sperm binding affinity more than when exposed from the lower compartment. Sperm binding 311 

appeared to be less clustered when monolayers were bilaterally exposed to pathological NEFA-312 

concentrations, however this is merely an estimation and these observations were not objectified. 313 

Cell migration capacity (figure 6. C), through comparison of the wound diameter at T0 and T8, 314 

showed a significant closure of the gap in all treatments and the percentage of closure in treatment 1 315 

(41.64 %) was significantly different from the other treatment groups (treatment 2 = 28.3 %; 316 

3 = 31.62 %; 4 = 30.9 %) (P<0.05). No differences could be observed between uni- and bidirectionally 317 

exposed monolayers, nor resulting from alternating the exposure side. 318 

In all treatment groups the TER (figure 6. D) at T0 (prior to NEFA exposure) and T1 (post NEFA-319 

exposure) were very well correlated. The average relative TER increase in treatments 1 and 2 was 320 

significantly different from 0 (P<0.05) and tended to decrease in treatment 4 (P = 0.05). However, the 321 

absolute TER-values in that group were still on average 944.13 ± 49.18 Ω.cm2, meaning the 322 

monolayers were still 100 % confluent preventing leakage from one compartment to another [51]. 323 

Furthermore, the absolute TER-increase after NEFA-exposure in treatment 1 (110 ± 11 Ω.cm2) was 324 

significantly higher than the TER in all the other treatment groups. Also, treatment 2 (29 ± 8 Ω.cm2) 325 

and 3 (3 ± 6 Ω.cm2), and 3 and 4 (-15 ± 10 Ω.cm2) showed TER values that were statistical 326 

significantly different from each other (P < 0.05), meaning that bidirectional exposure reduces TER-327 
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values more than unidirectional exposure, and also exposure from the upper compartment affects 328 

monolayer TER more than exposure from the lower side. 329 

Discussion 330 

We hypothesized that elevated NEFAs may affect BOEC quality and functionality, thereby potentially 331 

creating a less than favorable developmental environment for the pre-implantation embryo which 332 

may negatively affect overall fertility. NEFAs are suggested to be introduced in the oviductal lumen 333 

via 2 pathways: 1) a rather small fraction through the ovulation of a NEFA-containing follicle [56], and 334 

2) a larger fraction through the natural formation of the OLF, which is essentially an ultrafiltrate from 335 

the blood [42]. Preliminary data from our laboratory have suggested a close correlation between 336 

serum NEFA concentrations and these in the OLF, making the effects of alternating unidirectional 337 

NEFA-exposure but also bidirectional exposure physiologically relevant to study. The NEFA-338 

concentrations added during our experimental setting are therefore closely resembling the serum 339 

NEFA-concentrations of dairy cattle in periods of peak lactation, during which NEFA concentrations 340 

are typically elevated due to up-regulated lipolysis [6]. Also, the combination of fatty acids used is 341 

our experiments are based on the three predominant NEFAs occurring in both serum and FF [57]. 342 

In previous experiments BOECs were mostly a means to support embryo production, but they have 343 

rarely ever been the primary subject in scientific research in relation to maternal metabolic disorders 344 

and subfertility as a base to study different pathways. Our study, hereto, aimed to focus on the direct 345 

in vitro effects of NEFAs on BOECs. Therefore, we selected three different, specifically designed in 346 

vitro cell culture techniques, each to exhibit specific cell features to best suit our research aims. Static 347 

monolayers are most suited to study morphological characteristics (experiment 1), while explants 348 

(experiment 2) better maintain functional cell characteristics such as ciliary activity [33,34,47] and 349 

monolayers grown on hanging inserts (experiment 3) allow a more physiological relevant NEFA 350 

exposure on polarized cells [48, 58]. 351 

NEB and elevated serum NEFAs in vivo in dairy cows occur over an extended period of time up to 10-352 

12 weeks pp with a maximum at 2 weeks pp [59]. Nonetheless, to really visualize direct NEFA-353 
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toxicity-effects without interference of any compensatory mechanisms, we chose to implement a 354 

24h exposure period. This was also recommended by Ricchi et al. [60], who studied NEFA-toxicity in 355 

rat hepatocytes, since shorter incubations induced little effects that were difficult to detect, while a 356 

prolonged incubation time was associated with a significant decrease in cell viability. 357 

 The main findings of this study were that BOEC-physiology was negatively affected by elevated 358 

NEFA-concentrations, and that the intensity of the effects observed depended on the exposure side 359 

and thus on cell polarity. These data might partly elucidate the in vivo findings of Rizos et al. [20], 360 

Maillo et al. [21] and Matoba et al. [22] where the reproductive tract of lactating dairy cows showed 361 

an impaired ability to support early embryo development compared to their non-lactating 362 

counterparts. In our experimental design we aimed to establish these negative conditions by 363 

mimicking metabolic stress and thus elevated NEFA-concentrations, and observed a hampered BOEC-364 

quality and functionality but not morphology. Decreased BOEC viability, cell numbers, and cell 365 

migration capacity may alter the pre-implantation embryo micro-environment, may therefore create 366 

suboptimal growth conditions for the early embryo and can thus be proposed as a contributing factor 367 

in the complex pathogenesis of sub- and infertility in high yielding dairy cattle. Hampered BOEC 368 

sperm binding capacity may also contribute to sub- and infertility since natural processes like sperm 369 

capacitation and selection may be hindered, possibly leading to a less successful fertilization. 370 

Looking at the NEFA-effects in closer detail by assessing the individual parameters, we noticed a 371 

decreasing BOEC/sperm binding capacity with increasing NEFA-concentrations. BOEC/sperm-binding 372 

is essentially a proteoglycan bridge formation between the head of the sperm cells and cilia or 373 

microvilli [61]. A successful BOEC/sperm-binding reaction requires a viable BOEC with an intact 374 

membrane, functional cilia and specific secretory activity [32]. Decreased sperm binding affinity may 375 

therefore be explained by a corruption of the cellular membranes after NEFA-exposure. Fatty acids 376 

are known to alter cell membrane composition and fluidity, depending on the chemical structure of 377 

the NEFAs added. Membranes will become more rigid when straight chained, saturated fatty acids, 378 

such as PA and SA, are incorporated in the cell membranes. While integration of unsaturated fatty 379 
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acids, such as OA, will rather induce an increase in membrane fluidity [62]. Altering BOEC-380 

membranes might prevent the establishment of proper sperm binding reactions.  381 

NEFA-induced alterations to BOEC-membrane properties might also explain the divergent results on 382 

BOEC-viability we have observed. Since the enzymatic reaction of the trypsin added to estimate this 383 

parameter might very well rupture the NEFA-impaired cell membranes, causing lysis of otherwise 384 

viable cells and thus induce falsely high viability percentages and masking the effects of the NEFAs 385 

added. To verify these data in situ viability assessment and quantification techniques, such as a 386 

Neutral Red assay [63], can be performed in order to distinguish enzyme induced damages from the 387 

actual NEFA-effects. 388 

We also noticed a decreased cell number with increased NEFA-concentrations. As NEFA-toxicity is 389 

primarily attributed to elevated Reactive Oxygen Species (ROS)-production and as ROS target high fat 390 

cell membranes, lipid radicals could be generated in BOECs as seen in other cell types [64]. Thus 391 

affecting the BOEC-membranes might also attribute to the diminished BOEC/sperm binding capacity, 392 

but may also induce apoptosis, a reduced proliferation rate and therefore decreasing cell numbers. 393 

In the PCC with hanging inserts, however, these NEFA-toxic effects on cell number do not seem to 394 

compromise the overall continuity of the epithelial outlining of the oviduct. TER-values are 395 

constituted by differences in electric potential between the 2 compartments and can be translated to 396 

the tightness of the intercellular interactions, such as tight junctions. Fatty acids have the ability to 397 

modulate tight junction composing proteins, such as occludins [65], possibly allowing intercellular 398 

transfer of larger molecules and even disruption of the cell layer. However, in our experiments the 399 

TER-values continued to increase during the NEFA-exposure period in unidirectionally exposed 400 

monolayers, while they decreased during bidirectional exposure. This decrease, however, was never 401 

to the extent that leakage between the two compartments would exist.   402 

These data are also supported by our findings on the cell migration capacity. Cell migration 403 

contributes to tissue repair and regeneration [66]. High concentrations of PA and SA are suggested to 404 
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cause inhibitory effects on cell growth preventing closure of an artificially induced gap, while OA is 405 

suggested to provide the opposite effect [67]. OA also, has previously been suggested as being able 406 

to compensate the detrimental effects of saturated fatty acids [7] and might also be accountable for 407 

the less pronounced effects observed here. 408 

Comparison of the culture systems used can only be done by assessing the results of the sperm 409 

binding assay in the three experiments, since this is the only outcome parameter consistently used in 410 

all three the culture systems. In experiment 2, using a short term suspension BOEC-culture, the 411 

BOEC-explants/sperm binding capacity is much higher than in the other 2 experiments, and similar to 412 

the data have been reported by Sostaric et al. [32]. BOEC-monolayers tend to dedifferentiate and 413 

lose the expression of cilia at the cell surface. BOEC/sperm-binding is therefore not established with 414 

cilia but rather with microvilli. This binding reaction, however, appears to be less efficient [32]. 415 

In experiment 1, the reduced sperm binding capacity, the lower cell numbers and the lack of the 416 

ability for maintaining the cells ‘fresh’ over a longer period of time, may provide us with sufficient 417 

indications that BOEC-monolayers in the hanging inserts in experiment 3 are more suited to observe 418 

in vitro reactions within the oviductal epithelium. Therefore, because of  the possibility to expose the 419 

cells via two compartments as seen in vivo and the use of cells that maintain their natural 420 

characteristics more closely, the PCC will be preferred in future experiments. 421 

 In conclusion, our study is the first to use three different in vitro culture systems each to 422 

obtain specific information on the immediate effects of NEFAs on BOECs. Elevated NEFAs have a 423 

negative impact on in vitro BOEC physiology with decreased cell number, migration capacity and 424 

sperm binding ability, indicating lower BOEC-quality and functionality. This less than favorable 425 

environment for the oocyte, spermatozoa and the pre-implantation embryo may ultimately partake 426 

in the complex pathogenesis of sub- and infertility of high yielding dairy cattle. Future experiments 427 

should, however, focus on BOEC lipid metabolism to further elucidate some of the phenomena seen 428 

in this study. 429 
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 593 

Figure legends 594 

Figure 1. Experimental design NEFA-toxicity on BOECs in three cell culture systems: A = experiment 595 

1: BOEC-monolayers in conventional culture plates; B = experiment 2: BOEC-explants in a suspension 596 

culture system; C = BOEC-monolayers in a PCC-system. The dotted line indicates the washing step 597 

which was performed in each experiment prior to assessment of the outcome parameters to limit 598 

the exposure period to 24h exactly and especially to avoid NEFA-contact with the sperm cells as we 599 

only wanted to observe the NEFA-effects on BOEC-physiology without any additional and 600 

confounding effects of high NEFA on sperm cells. 601 

Figure 2. Immunocytochemistry images (x 200) using anticytokeratin antibodies in which A= non-602 

stained BOECs; B= BOECs stained without the primary antibody; C= negative control, stained 603 

fibroblast culture from fetal bovine cartilage; D= stained freshly retrieved BOECs after a 4-day-culture 604 

and monolayer formation; E= stained freshly retrieved BOECs on hanging inserts in a PCC-system 605 

after a 7-day-culture; F= first passage BOECs after a 7-day culture period in a culture flask (to possibly 606 

increase cell purity), trypsinization and reseeding on glass inlets in a 4-day-culture; G= first passage 607 
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BOECs after a 7-day culture period in a culture flask (to possibly increase cell purity), trypsinization 608 

and reseeding on hanging inserts in a 4-day-culture. 609 

Figure 3. The epithelial characteristics of the cultivated cells were assessed by SEM with attention on 610 

cell polarity (A), the presence of both microvilli and cilia (B), monolayer integrity (C), and cellular 611 

secretion (A,C,D). Big arrow indicates cilia, small arrow = cellular secretions, asterisk = monolayer 612 

interruptions and star represents microvilli. 613 

Figure 4. Representation of the BOEC number, BOEC viability, BOEC sperm binding and wound 614 

healing capacity (±SD) in experiment 1 after 24h co-incubation with different NEFA-concentrations. 615 

Results are shown ± SD. a,b,c  Different superscripts per bar indicate statistical significant differences 616 

(P<0.05). A = Absolute cell number shown as number of cells per mL; B = Cell viability is the ratio of 617 

live compared to total cell number ; C = Sperm binding capacity shown as number of sperm cells 618 

bound per 0.05mm2 of cell culture surface; and D = relative BOEC migration capacity where the 619 

wound diameter was compared at T0 (at the start of the assay) and T8 (8h into the assay) and is 620 

expressed as percentage of closure. 621 

Figure 5. BOEC-explant sperm binding (± SD) in experiment 2 expressed as the number of bound 622 

sperm cells per 0.05 mm2 of cell culture surface, showing a statistically significant reduced sperm 623 

binding in the Moderate and High treatment groups when compared to the Control group. Also, 624 

there was a significant difference in sperm binding between the Basal and the High treatment 625 

groups. a,b,c Different superscripts per bar indicate statistical significant differences (P<0.05). 626 

Figure 6.  Representation of BOEC number, BOEC sperm binding capacity; BOEC migration capacity 627 

and monolayer integrity by means of TER-values (±SD) in experiment 3 on monolayers in a PCC 628 

system after 24h NEFA-exposure. a,b,c Different superscripts within the bar chart indicate statistical 629 

significant differences (P<0.05). A = Absolute cell number shown as number of cells per mL cell 630 

suspension; B = Sperm binding capacity expressed as number of sperm cells bound per 0.05mm2 of 631 
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cell culture surface (* = a tendency; P = 0.051); C = relative BOEC migration capacity where the 632 

wound diameter was compared at T0 (at the start of the assay) and  T8 (8hrs into the assay); D = 633 

relative average TER increase during 24h NEFA-exposure period expressed as percentages. 634 


