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ABSTRACT

In obese humans, mesenchymal stem cells differentiate to become ectopic
fat cells in muscles. These ectopic fat cells inhibit the contraction of
vascular smooth muscles. Stem cells have been recently identified in the
human oviduct, a structure important in reproduction. We therefore
investigated the number of Oil Red O (ORO)-positive cells in the oviducts
of control Japanese Black cows (n = 6; body condition score [BCS], 3.0 on a
5-point scale) compared to those with diet-induced obesity (n = 5; BCS, 4.0).
We stained the ampulla and isthmus collected on the second day after
ovulation with ORO and then counted the positive cells in each layer in 10
cross-sections of the ampulla or isthmus. The obese group (23.4 = 3.4 in the
10 sections) had larger numbers of ORO-positive cells in the longitudinal
muscularis of the isthmus (P < 0.05) than did the control group (15.0 + 2.4).
ORO-positive cells were also observed in all other layers of the isthmus and
ampulla; however, the number of cells in these layers did not differ
significantly between obese cows and controls. Whether this observed
increase in ORO-positive cells in the oviducts of obese cows affects their
reproduction warrants further study.

Keywords: body condition score, ectopic fat, fallopian tube, Japanese Black

cow.
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INTRODUCTION

In obese animals, the major site of fat accumulation is subcutaneous
adipose tissue, but triglyceride deposition has been found in ectopic sites
such as the viscera and cardiac and skeletal muscles in mice, rats, and
humans (Gastaldelli and Basta 2010; Carobbio et al. 2011). The presence of
ectopic fat cells is an important risk factor for various diseases. A recent
study on obese humans has revealed that ectopic fat cells can develop from
mesenchymal stem cells even in smooth muscles (e.g., aorta) (Xue et al.
2010). Ectopic fat cells in blood vessels have been observed to inhibit the
contraction of vascular smooth muscles in mice, rats, and humans (Szasz
and Webb 2012). The presence of mesenchymal stem cells in the human
oviduct has been recently reported (Indumathi et al. 2013). However,
whether ectopic fat cells are present in oviducts has not been fully
investigated.

The oviduct is an active structure that maintains and modulates sperm
capacitation, fertilization, and early embryonic development during
transport to the uterus (Ellington 1991; Rodriguez-Martinez 2007; Leese et
al. 2008; Lloyd et al. 2009; Besenfelder et al. 2012). This structure has 5
layers, as follows, from innermost to outermost: (1) mucosal epithelium, (2)
lamina propria, (3) circular muscularis, (4) longitudinal muscularis, and (5)
serosa (Pauerstein et al. 1974; Ellington 1991). After fertilization,
embryonic development up to the 8- and 16-cell stages takes place within

the ampulla; the embryo then passes quickly through the isthmus and enters
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the uterus (el-Banna and Hafez 1970). For rapid passage of the developing
embryo, the isthmus has thick layers of muscle (Pauerstein et al. 1974;
Ellington 1991). Thus, any abnormality in the oviduct has the potential to
affect embryogenesis.

The conception rate after artificial insemination is declining in
Japanese Black cows, a breed famous for genetic improvements that
produce marbled beef (unpublished data of Livestock Improvement
Association of Japan). In our previous field study, we estimated the
relationship between embryo quality and a 5-point body condition score
(BCS) (Kadokawa et al. 2008) in Holstein heifers; the study revealed that
obese donors produced fewer excellent-grade, transferable embryos than did
control donors after superovulation. In addition, this study showed that the
collected embryos exhibited delays in development, as indicated by an
increased number of morulas and a decreased number of blastocysts
(Kadokawa et al. 2008). Therefore, obesity may be an important factor in
the suppression of reproduction in cattle.

Oil Red O (ORO) staining is the primary staining method for detecting
ectopic fat cells. Little is known about the presence of ORO-positive cells
in the oviduct, but several studies (Wordinger et al. 1977; Witkowska 1979;
Henault and Killian 1993a, 1993b) have reported the presence of
ORO-positive cells in the ampullary and isthmic epithelia of dairy and beef
cows. However, these studies did not report the presence or absence of

ORO-positive cells in the muscle layers of the oviduct. In this study, we
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compared the number of ectopic fat cells in the ampullary and isthmic
sections of oviducts of normal Japanese Black cows to that of cows with

diet-induced obesity.

MATERIALS AND METHODS
Animals and treatment

The experiments were performed in accordance with the Guiding
Principles for the Care and Use of Experimental Animals in the Field of
Physiological Sciences (Physiological Society of Japan) and approved by
the Committee on Animal Experiments of the School of Veterinary Medicine,
Yamaguchi University.

Multiparous Japanese Black cows (4 years of age after 3 parturitions,
n = 11) were housed in a free-stall barn. Their calves were separated to
wean at 2 months after normal parturition. At the time of weaning, the cows’
BCS (shown as mean * standard error of the mean [SEM]), on a 5-point
scale (Ferguson et al. 1994), was 2.50; mean body weight was 463 £ 2 kg.
The body weight required 11.2 Mcal of metabolizable energy (ME) as a
maintenance level, according to the Japanese feeding standard (Agriculture,
Forestry and Fisheries Research Council Secretariat, 2008). Dietary
adjustments were used to cause obesity in some of the cows. The cows were
randomly allocated to one of the following 2 groups: (1) control group (n =
6), which was fed 12.3 Mcal of ME (110% of the maintenance level) by

using ltalian ryegrass hay (84.2% dry matter [DM]), 2.30 Mcal/’kg DM of
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ME, 13.3% crude protein [CP]) plus concentrate (86.6% DM, 3.82 Mcal/kg
DM of ME, 21.3% of CP); or (2) obese group (n = 5), which was fed 23.9
Mcal of ME (as commonly used fattening level and as 213% of the
maintenance level) by using the same Italian ryegrass hay plus a greater
amount of the same concentrate. Water and mineral blocks were provided ad
libitum. Absence of disease, including reproductive disease, was confirmed
by daily observation or by weekly rectal palpation.

After 6 months of the dietary treatments, the cows were weighed and
the BCS was measured. The cows were then slaughtered on the second day
after ovulation induced by dinoprost (Pronalgon F; Pfizer, Tokyo,
Japan)—the time when oocytes are in the ampulla (el-Banna and Hafez
1970). The oviducts on the ipsilateral side of ovulation were collected
within 15 min of slaughter. The tissues surrounding the oviduct were
removed carefully, and the oviducts were washed with phosphate-buffered
saline (PBS) to collect a 2.5-cm section of the ampulla (at 5 cm from the

infundibulum) or isthmus (at 3 cm from the uterotubal junction).

Histochemistry

We obtained cross-sections of the oviduct samples by using an
embedding medium (Tissue-Tek O.C.T. compound; Sakura Finetechnical Co.
Ltd., Tokyo, Japan) and a cryostat (CM1900; Leica Microsystems Pty Ltd,
Wetzlar, Germany), as described in a previous study of ORO staining of

beef cow oviducts (Wordinger et al. 1977). Sections of 14-pm thickness
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were placed on adhesive-coated slides (Poly-L-lysine-coated Superfrost;
Matsunami Glass, Osaka, Japan) and attached by air-drying. We obtained 10
sections each from the ampulla and isthmus of each cow. The collected
sections were separated by at least 200 um. We did not collect serial
sections because the cross-sections of the oviduct were nearly circular; it
was thus difficult to identify angles in the serial sections, precluding
identification of ORO-positive cells in different sections.

The sections were treated with 60% isopropanol for 1 min and stained
with 0.18% ORO solution (154-02072; Wako Chemicals, Osaka, Japan;
dissolved in 60% isopropanol) for 15 min. The sections were then washed
and counterstained with Mayer’s hematoxylin solution (131-09665; Wako
Chemicals, Osaka, Japan) for 5 min. The stained sections were mounted on
microscope slides without a coverslip and observed under a microscope
(Optiphoto; Nikon, Tokyo, Japan) attached to a CCD camera (DS-Fi2;
Nikon) and its controller (Nis-Element; Nikon). We counted the number of
ORO-positive cells in the epithelium, lamina propria, circular muscularis,
and longitudinal muscularis layers in the 10 cross-sections of the oviduct

samples.

Data analysis
Data were analyzed using Statview version 5.0 for Windows (SAS
Institute, Inc., Cary, NC). A non-paired t-test was used to evaluate the

significance of differences between the obese and control groups in the
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number of ORO-positive cells in each layer of the 10 cross-sections of the
ampulla or isthmus. A P value <0.05 was considered statistically significant.

[Insert Fig. 1. here]

RESULTS

At the time of slaughter, the BCS was 3.0 (body weight, 501 + 2 kg) in
the control group and 4.0 (body weight, 563 = 3 kg) in the obese group.
ORO-positive cells were observed in the all layers of the oviducts,
especially in the longitudinal muscularis of the ampulla (Fig. 1A) and
isthmus (Fig. 1C, 1D, 1F), of obese cows. In contrast, the control cows had
fewer ORO-positive cells in both the ampulla (Fig. 1B) and the isthmus (Fig.
1E). The largest ORO-positive cells had diameters of more than 100 um.
The ORO-positive cells were observed both as aggregations (Fig. 1A, 1D,
1F) and as separate cells (Fig. 1C).
[Insert Fig. 2 here]
Figure 2 shows the number of ORO-positive cells in the 10 ampullary
sections of the oviducts of the control or obese cows. ORO-positive cells
were observed in the mucosal epithelium (Fig. 2A), lamina propria (Fig. 2B),
circular muscularis (Fig. 2C), and longitudinal muscularis layers (Fig. 2D)
of the ampulla. There was no significant difference in the number of
ORO-positive cells in these ampullary layers. In both control and obese

cows, the longitudinal muscularis layers had more ORO-positive cells than
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did the other 3 layers.

Figure 3 shows the number of ORO-positive cells in the 10 isthmic
sections of the oviducts of the control or obese cows. ORO-positive cells
were observed in the mucosal epithelium (Fig. 3A), lamina propria (Fig. 3B),
circular muscularis (Fig. 3C), and longitudinal muscularis layers (Fig. 3D)
of the isthmus. There was no significant difference in the number of
ORO-positive cells in the mucosal epithelium, lamina propria, and circular
muscularis. In both control and obese cows, the longitudinal muscularis had
more ORO-positive cells than did the other 3 layers. In addition, the obese
cows had more ORO-positive cells in the longitudinal muscularis of the
isthmus than the control cows (P < 0.05; Fig. 3d).

[Insert Fig. 3 here]
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DISCUSSION

Previous studies (Wordinger et al. 1977; Witkowska 1979; Henault and
Killian 1993a, 1993b) have reported the presence of ORO-positive cells in
the ampullary and isthmic epithelia of dairy and beef cows. However, these
studies did not report the presence or absence of ORO-stained cells in other
layers of the oviduct. Our findings suggest that obese cows had increased
numbers of ectopic fat cells in the longitudinal muscularis layer of the
isthmus.

Adipocytes are derived from mesenchymal stem cells (Gimble et al.
2013) via preadipocytes (Kadokawa et al. 2007). Muscles also contain
mesenchymal stem cells (Aldahmash 2012; Gimble et al. 2013), and the
oviduct isthmus has thick layers of muscle (Pauerstein et al. 1974; Ellington
1991). A recent study has reported the presence of stem cells in the human
oviduct (Indumathi et al. 2013). Therefore, the longitudinal muscularis
layer of the bovine oviduct isthmus may also have such stem cells, which
have the potential to become ectopic fat cells.

Preadipocytes require high-energy substrates to mature into adipocytes
(Kadokawa et al. 2007; Gimble et al. 2013). Epithelial cells in the chicken
oviduct can be induced to differentiate into adipocytes by incubation in
energy-rich medium (Khuong and Jeong 2011). Similarly, the epithelial
oviduct cells observed in obese cattle in this study may have developed into

ectopic fat cells in response to the high-energy substrates in their
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environment.

The largest diameter of mature bovine adipocytes is more than 100-um
(Kadokawa et al. 2007). On the basis of the size of the adipocytes observed
by us, we conclude that the adipocytes in the oviducts were mature. Ectopic
fat cells in blood vessels have been observed to inhibit vascular smooth
muscle contraction in other animals (Szasz and Webb 2012). Further studies
are thus required to determine whether the observed ORO-positive cells
inhibit muscle contraction in the oviduct.

The Japanese Black cows used in this study are a breed famous for
genetic improvements that produce marbled beef. The breed thus has a
greater ability to produce ectopic fat cells in the skeletal muscle than do
other breeds (Oyama 2011). Further study of ectopic fat cells in the
reproductive organs of other breeds is required.

Cattle reproduction has been studied primarily in lean cows (Roche et
al. 2009). Our previous study on ovarian function by using superovulation
(Kadokawa et. al. 2008) demonstrated that obese embryo donors produced
fewer excellent-grade embryos than did lean and normal donors. Their
embryos also exhibited slower development in the oviduct. Recent studies
suggest that the condition of the oviduct contributes significantly to
reproductive performance in cows (Rizos et al. 2010; Maillo et al. 2012).
Embryos collected from the oviducts of diet-induced obese female mice
showed delayed embryogenesis, higher lipid content and apoptosis rates,

and a lower survival rate (Ma et al. 2012). Therefore, in addition to ovarian
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function and oocyte quality, oviduct condition seems to contribute to the
inhibited embryogenesis observed in obese donors.

Mature bovine adipocytes vary in diameter, which can be greater or
less than 100-um (Kadokawa et al. 2007). This variation occurs because
mature adipocytes are capable of division, during which they evenly
distribute lipid droplets between the two daughter cells (Nagayama et al.
2007). We cannot deny the possibility that cryostatic cutting affects the area
of ORO-positive cells observed under the microscope in a random manner;
eve regions of cells of the same actual area may be cut near the center in
some instances and near the edge in others, causing inconsistencies in area
estimation. For these two reasons, we did not measure the area of
ORO-positive cells; instead, we counted the number of ORO-positive cells.

This study demonstrates that the obese cows had larger numbers of
ORO-positive cells in the longitudinal muscularis of the oviduct isthmus
than did control cows. Further study is therefore necessary to determine the

effects of these ectopic fat cells on reproduction in obese cows.



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

13

REFERENCES

Agriculture, Forestry and Fisheries Research Council Secretariat. 2008.
Nutrition requirement. In: Ministry of Agriculture, Forestry and
Fisheries (eds), Japanese feeding standard for beef cattle. pp. 31-35.
Central Association of Livestock Industry, Tokyo.

Aldahmash A, Zaher W, Al-Nbaheen M, Kassem M. 2012. Human stromal
(mesenchymal) stem cells: basic biology and current clinical use for
tissue regeneration. Annals of Saudi Medicine 32, 68-77.

Besenfelder U, Havlicek V, Brem G. 2012. Role of the oviduct in early
embryo development. Reproduction in Domestic Animal 4, 156-163.
Carobbio S, Rodriguez-Cuenca S, Vidal-Puig A. 2011. Origins of
metabolic complications in obesity: ectopic fat accumulation. The
importance of the qualitative aspect of lipotoxicity. Current Opinion

in Clinical Nutrition and Metabolic Care 14, 520-526.

El-Banna AA, Hafez ES. 1970. Egg transport in beef cattle. Journal of
Animal Science 30, 430-432.

Ellington JE. 1991. The bovine oviduct and its role in reproduction: a
review of the literature. The Cornell Veterinarian 81, 313-328.

Ferguson JD, Galligan DT, Thomsen N. 1994. Principal descriptors of
body condition score in Holstein cows. Journal of Dairy Science 77,
2695-2703.

Gastaldelli A, Basta G. 2010. Ectopic fat and cardiovascular disease: what



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

14

Is the link? Nutrition, Metabolism and Cardiovascular Diseases 20,
481-490.

Gimble JM, Bunnell BA, Frazier T, Rowan B, Shah F, Thomas-Porch C,
Wu X. 2013. Adipose-derived stromal/stem cells: A primer.
Organogenesis 9, 139-146.

Henault MA, Killian GJ. 1993a. Neutral lipid droplets in bovine oviductal
epithelium and lipid composition of epithelial cell homogenates.
Journal of Dairy Science 76, 691-700.

Henault MA, Killian GJ. 1993b. Synthesis and secretion of lipids by
bovine oviduct mucosal explants. Journal of Reproduction and
Fertility 98, 431-438.

Indumathi S, Harikrishnan R, Rajkumar JS, Sudarsanam D, Dhanasekaran
M. 2013. Prospective biomarkers of stem cells of human endometrium
and fallopian tube compared with bone marrow. Cell and Tissue
Research DOI 10.1007/s00441-013-1582-1

Kadokawa H, Tameoka N, Uchiza M, Kimura Y, Yonai M. 2008. Short
communication: a field study on the relationship between body
condition and embryo production in superovulated Holstein yearling
heifers. Journal of Dairy Science 91, 1087-1091.

Kadokawa H, Aikawa K, Kimura K, Blache D, Williams IH, Martin GB.
2007. Links between de novo fatty acid synthesis and leptin secretion
in bovine adipocytes. Journal of Veterinary Medical Science 69,

225-231.



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

15

Khuong TT, Jeong DK. 2011. Adipogenic differentiation of chicken
epithelial oviduct cells using only chicken serum. In Vitro Cellular
and Developmental Biology — Animal 47, 609-614.

Leese HJ, Hugentobler SA, Gray SM, Morris DG, Sturmey RG, Whitear SL,
Sreenan JM. 2008. Female reproductive tract fluids: composition,
mechanism of formation and potential role in the developmental
origins of health and disease. Reproduction, Fertility, and
Development 20, 1-8.

Lloyd RE, Romar R, Matas C, Gutierrez-Adan A, Holt WV, Coy P. 2009.
Effects of oviductal fluid on the development, quality and gene
expression of porcine blastocyst produced in vitro. Reproduction 137,
679-687.

Ma W, Yang X, Liang X. 2012. Obesity does not aggravate vitrification
injury in mouse embryos: a prospective study. Reproductive Biology
and Endocrinology 31,10:68.

Maillo V, Rizos D, Besenfelder U, Havlicek V, Kelly AK, Garrett M,
Lonergan P. 2012. Influence of lactation on metabolic characteristics
and embryo development in postpartum Holstein dairy cows. Journal
of Dairy Science 95, 3865-3876.

Nagayama M, Uchida T, Gohara K. 2007. Temporal and spatial variations
of lipid droplets during adipocyte division and differentiation. Journal
of Lipid Research 48, 9-18.

Oyama K. 2011. Genetic variability of Wagyu cattle estimated by



322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

16

statistical approaches. Animal Science Journal 82, 367-373.

Pauerstein CJ, Hodgson BJ, Kramen MA. 1974. The anatomy and
physiology of the oviduct. Obstetrics and Gynecology Annual 3,
137-201.

Rizos D, Carter F, Besenfelder U, Havlicek V, Lonergan P. 2010.
Contribution of the female reproductive tract to low fertility in
postpartum lactating dairy cows. Journal of Dairy Science 93,
1022-1029.

Roche JR, Friggens NC, Kay JK, Fisher MW, Stafford KJ, Berry DP. 2009.
Invited review: Body condition score and its association with dairy
cow productivity, health, and welfare. Journal of Dairy Science 92,
5769-5801.

Rodriguez-Martinez H. 2007. Role of the oviduct in sperm capacitation.
Theriogenology 68, S138-S146.

Szasz T, Webb RC. 2012. Perivascular adipose tissue: more than just
structural support. Clinical Science 122, 1-12.

Witkowska E. 1979. Reactivity of the epithelial cells of the bovine
oviduct in vitro on the exogenic gonadotropic and steroid hormones.
Part I: The effect of gonadotropic and steroid hormones on the amount
of lipids and activity of dehydrogenases. Folia Histochemica et
Cytochemica (Krakow) 17, 225-238.

Wordinger RJ, Dickey JF, Ellicott AR. 1977. Histochemical evaluation of

the lipid droplet content of bovine oviductal and endometrial



345

346

347

348

349

350

17

epithelial cells. Journal of Reproduction and Fertility 49, 113-114.
Xue JH, Yuan Z, Wu Y, Liu Y, Zhao Y, Zhang WP, Tian YL, Liu WM, Liu

Y, Kishimoto C. 2010. High glucose promotes intracellular lipid

accumulation in vascular smooth muscle cells by impairing cholesterol

influx and efflux balance. Cardiovascular Research 86, 141-150.



351
352

353

354

355

356

357

358

18

(A) ORO-positive cells observed in longitudinal (B) ORO-negative cell layers of ampulla in control cow

(D) ORO-positive cells ohserved in longitudinal
muscularis layer of isthmus in obese cow

(C) ORO-positive cells ;lbsefved in lamir“la propria and : ¥ i
longitudinal muscularis layers of isthmus in ohese cow '

-

w

a1 P
o ] (F) ORO-positive cells ohserved in longitudinal
3 el LS SN muscularis layer of isthmus in obese cow

(E) ORO-negative cell layers of isthmus in control cow

Figure 1 Microscopy of representative Oil Red O (ORO)-positive—stained
cells showing red color in the ampulla (A) or isthmus (C, D, F) of obese
cows; ORO-negative cells are shown in the ampulla (B) or isthmus (E) of

control cows.
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Figure 2 The number of ORO-positive—stained cells as counted in 10

sections in the mucosal epithelium, lamina propria, circular muscularis, or

longitudinal muscularis layers of the ampullae of control or obese cows.
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Figure 3 The number of ORO-positive-stained cells as counted in 10
sections in the mucosal epithelium, lamina propria, circular muscularis, and
longitudinal muscularis layers of the isthmus of control or obese females.
The asterisk indicates significant differences (P < 0.05) between control and

obese females.



