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28 ABSTRACT 

29

30 Relatively little is known about the influence of sex and the circadian rhythm on 

31 gastrointestinal transit. However, these factors could have an important impact on 

32 aspects such as digestion, oral absorption of drugs or the clinical manifestation of 

33 gastrointestinal diseases, among others. Remarkably, preclinical models have scarcely 

34 taken these factors into consideration. In this study, we assessed the gastrointestinal 

35 transit of young adult Wistar Han rats of both sexes, under normal and inverted light 

36 cycle. To do this, serial radiographs were taken for 24h (T0-T24) after intragastric barium 

37 administration and subsequently analyzed to construct transit curves for each 

38 gastrointestinal region. Under a normal light cycle, transit curves were similar, except 

39 for a slower transit in females compared with males from T8 to T24. Under the inverted 

40 cycle, there was a significant acceleration in stomach emptying (similar in both sexes), 

41 emptying of the small intestine (even faster in females) and filling of the caecum and 

42 colon (which was also even faster in females). This study confirms, using X-ray non-

43 invasive methods for the first time, that both, sex and circadian rhythm (probably 

44 through its effect on behavior) influence gastrointestinal transit in laboratory animals.

45

46 KEYWORDS: circadian rhythm, gastrointestinal transit, radiographic methods, rat, sex. 
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47 INTRODUCTION 

48 Gastrointestinal transit may be influenced by many factors that cause relevant inter- and 

49 intra-subject variability, both in human and animal models. Amid these factors, the role 

50 of sex and the circadian rhythm on gastrointestinal transit has been scarcely studied 

51 although they could be important factors in processes such as digestion, oral absorption 

52 of drugs or gastrointestinal pathologies, among others.

53

54 In relation to the impact of sex, early human studies showed a shorter gastrointestinal 

55 transit time in healthy men compared to women1-4. Recent data further support the 

56 concept that men have faster gastric emptying and intestinal transit than women5. Sex 

57 hormones, on the one hand, and the phases of the menstrual cycle, on the other, are 

58 important variables to consider.6 With respect to the circadian rhythm, most life forms 

59 engage a 24-hour cycle of feeding and fasting.7 However, relatively little attention has 

60 been paid to the investigation of the relationship between the circadian rhythm and the 

61 functions of the alimentary tract.8,9 For example, one early study compared colonic 

62 transit in healthy patients using 24-hour ambulatory colonic manometry, and showed 

63 significant less pressure activity in the colon during daylight hours in women when 

64 compared to men.10 Similarly, in a recent investigation in mice, both sex and time of the 

65 day when the experiments were carried out significantly influenced intestinal transit.11 
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66 In general, preclinical studies have used invasive techniques to evaluate the effects of 

67 sex and/or circadian rhythm on gastrointestinal motor function.11 An attractive and non-

68 invasive alternative is the use of radiographic techniques, which allow the study of 

69 gastrointestinal transit and changes in size and density of the gastrointestinal regions 

70 using radiopaque contrast.12 Until now, we and others have used these techniques to 

71 evaluate the impact on gastrointestinal transit of different drugs as well as to analyze 

72 gastrointestinal transit in aged or stressed animals, or in those exposed to different 

73 dietary modifications (see supplementary Table I for references). However, these 

74 studies were carried out with rodents (mainly male or both sexes, without comparison) 

75 under normal light cycle (lights on during the day: animals are studied in their low-

76 activity circadian phase) (supplementary Table I). To our knowledge, radiographic 

77 studies which compare gastrointestinal transit in male and female laboratory animals 

78 under both normal and inverted light cycles are lacking. 

79

80 Therefore, the aim of this study was to evaluate the effect of sex and the circadian cycle 

81 on gastrointestinal transit, using radiographic techniques. 

82

83

84
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85 METHODS AND MATERIALS

86 Animals 

87 The experiments were designed and performed in accordance with the EU Directive for 

88 the Protection of Animals Used for Scientific Purposes (2010/63/EU) and Spanish 

89 regulations (Law 32/2007, RD 53/2013 and order ECC/566/2015) and were approved by 

90 the Ethical Committee at Universidad Rey Juan Carlos (URJC) and Comunidad Autónoma 

91 de Madrid (PROEX 063/18, PROEX 023/19). The health and welfare of the animals used 

92 for the study was supervised by the personnel of the URJC Veterinary Unit where the 

93 study was performed. All experiments were designed to minimize the number of animals 

94 used and their suffering.  

95

96 Male (N=24; weight= 342-520 g) and female (N=24; weight= 191-270 g) sexually-mature, 

97 young adult (3-4 months old) Wistar HAN healthy rats were obtained from the 

98 Veterinary Unit of URJC and housed (2-4/cage), after simple randomization, in standard 

99 transparent cages (60 x 40 x 20 cm) in a temperature (20ºC) and humidity-controlled 

100 room (60%), with a 12 h light/12 h dark cycle (lights off between 20:00 and 08.00 hours 

101 for animals with normal light cycle conditions or between 8.00 and 20:00 hours for 

102 animals with inverted light-dark cycle). Animals were divided in 4 groups (N=12/group): 

103 Males, Normal Cycle (M-N) (this was considered the control or reference group); Males, 
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104 Inverted Cycle (M-I); Females, Normal Cycle (F-N); Females, Inverted Cycle (F-I). Animals 

105 had free access to standard laboratory rat chow (LASQ diet® Rod 14-A www.altromin.de) 

106 and tap water until sacrifice. 

107 Gastrointestinal transit

108 Gastrointestinal motor function was evaluated once in the URJC animal facility, 

109 radiographically, as described.12 Prior to the X-ray assay, the experimental animals were 

110 not fasted, due to the long duration of the X-ray study (24 h), but all of them were 

111 weighed, and the estrous cycle phase of females was analyzed by vaginal cytology.13,14 

112 In addition, their health conditions were observed before and during the experimental 

113 procedures, i.e. the appearance and color of the hair coat, legs, eyes and nose and also 

114 their behavior and movement. For the radiographic evaluation, barium sulfate 

115 suspension (Barigraph® AD, Juste SAQF, Madrid, Spain; 2 g mL−1 in tap water, 

116 temperature=22ºC, 2.5 mL) was administered by gavage at 9 am and serial radiographs 

117 were obtained at 0, 1, 2, 4, 6, 8 and 24 h (T0-T24) after contrast administration. Plain 

118 facial radiographs of the gastrointestinal tract were obtained using a CS2100 

119 (Carestream Dental, Madrid, Spain) digital X-ray apparatus (60 kV, 7 mA), and X-rays 

120 were recorded on Carestream Dental T-MAT G/RA film (15×30 cm) housed in a cassette 

121 provided with regular intensifying screen. Exposure time for X-ray shots was set to 0.02 

122 seconds and focus distance was manually fixed to 50±1 cm. Immobilization of the rats 
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123 in prone position was achieved by placing them inside hand-made transparent plastic 

124 tubes (recording chamber), which were adjusted to the size of the rat so they could not 

125 move, scape or turn around (Fig. S1). Moreover, training was not necessary, because, as 

126 shown before, this procedure does not cause stress-induced alterations in 

127 gastrointestinal transit.12 Radiographs were then developed using a Kodak X-OMAT 2000 

128 automated processor (Kodak AG, Stuttgart, Germany). For each animal, radiographs 

129 were taken in the same order at each time point, so that time intervals between shots 

130 were of the same duration for all animals.

131 The analysis of the radiographs was performed by a trained investigator who was 

132 blinded to the experimental groups. Transit curves were constructed for each 

133 gastrointestinal region (stomach, small intestine, caecum and colorectum) using a semi-

134 quantitative score, assigning a range of values to each region considering the following 

135 parameters (Fig. S2): percentage of the region filled with contrast (0–4); contrast 

136 intensity (0–4); contrast homogeneity (0–2); and sharpness of the profile of the gut 

137 region (0–2). Each of these parameters was scored and summed (0–12 points). In 

138 addition, the size and density of the barium contrast were analyzed for stomach, 

139 caecum, and fecal pellets, with the aid of an image analysis system (Image J 1.38 for 

140 Windows, National Institute of Health, USA, free software: http://rsb.info.nih.gov/ij/). 
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141 The number of fecal pellets within the colorectum was also determined for each rat at 

142 each time point. 

143 Moreover, at T0, right after the administration of barium, the animals were placed in 

144 new cages with fresh bedding and the feces present in the cage at each time point of 

145 the radiographic session (T1-T24) were collected. The following parameters were 

146 measured: the % of labeled feces and their radiopacity; the weight of the feces at 

147 collection and after drying them in an oven (70 ºC, 24-48 h); their moisture (dry vs. wet 

148 fecal material, as difference).

149

150 Statistical analysis

151 Sample size for each experiment was estimated using G*power assuming α = 0.05 and 

152 power = 0.8 and 2-tailed tests. Mean and SD for the variables of the control group in the 

153 gastrointestinal transit experiments were based on those obtained in our previous 

154 study.12

155 Data were analyzed using Graph PadPrism, v. 7.0.®. Data are presented as the mean 

156 values ± SEM. All the data obtained during the experiments were included in the 

157 statistical analysis, and no animal was excluded from the analysis. Each animal was 

158 considered as an experimental unit when analyzing the differences related to transit, 

159 whilst the cages were considered as the experimental unit when analyzing the data 
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160 related to feces. All data passed the D’Agostino and Pearson's normality test, thus 

161 differences between groups were analyzed using unpaired Student’s t-test, with Welch’s 

162 correction when appropriate, or one- or two-way ANOVA followed by Tukey post-hoc 

163 multiple comparison tests. The differences between female groups regarding the 

164 distribution of the estrous cycle phases were analyzed with the Chi-square test. Values 

165 of P < 0.05 were regarded as being significantly different. 

166

167 RESULTS

168 Animal characteristics at T0

169 Body weight was significantly lower in females when compared to males. Additionally, 

170 the average weight of M-I was significantly higher than that of M-N (Fig. 1A). 

171

172 As seen in Fig. 1B, just before the X-ray scan, all phases of the estrous cycle (Fig. 1C) 

173 were represented in F-N whereas only three of them were represented in F-I. However, 

174 these differences were not statistically significant (p= 0.3).

175

176 Radiographic analysis of gastrointestinal motor function

177 Semiquantitative analysis 
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178 Gastric emptying in animals under normal cycle (M-N, F-N) was progressive from barium 

179 administration (T0) until the end of the study (T24) without statistically significant 

180 differences between sexes (Fig. 2A, 2F). Likewise, gastric emptying of the animals under 

181 inverted-cycle (M-I, F-I) was similar between males and females, but significantly faster 

182 compared to their sex-matched group under normal cycle. (Fig. 2A, 2F). 

183

184 In the small intestine, as in the stomach, the inverted cycle groups showed a significantly 

185 faster emptying of the small intestine than the normal-cycle ones (Fig. 2B, 2F). 

186 Additionally, no significant sex-dependent differences were found in animals with the 

187 same cycle, except for a faster intestinal emptying in F-I compared to M-I at T2, and a 

188 higher barium content in F-N compared to M-N at T24 (Fig. 2B). 

189

190 In the normal-cycle groups, barium reached the caecum at T2 after administration and 

191 completely filled this organ by T4 (Fig. 2C, 2F). Caecum emptying only started after T8, 

192 and at T24 it was almost empty in M-N but not in F-N (Fig. 2C, 2F). In the inverted-cycle 

193 groups, caecum filling was slightly but significantly faster at T2 and its emptying was also 

194 slightly faster in the inverted-cycle animals, although at T24 M-I was significantly slower 

195 than M-N and F-I was significantly faster than F-N and M-I, and similar to M-N (Fig. 2C, 

196 2F).  
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197

198 Finally, in the normal-cycle groups barium reached the colorectum at T4 after 

199 administration and completely filled this organ by T8, with no significant differences 

200 between sexes. Nevertheless, at T24, whilst in M-N the colorectum was almost 

201 completely empty again, in F-N it showed significantly more barium (Fig. 2D, 2F). Again, 

202 colorectum filling was, in general, faster in the inverted-cycle groups, particularly in F-I, 

203 which reached the colorectum already at T2 (Fig. 2D, 2F). At T24 all groups showed more 

204 barium than M-N in the colorectum (Fig. 2D).   

205

206 Fecal pellet number in the colorectum 

207 The number of fecal pellets counted in the colorectum followed the same trend as the 

208 semiquantitative score in this organ, with no differences found in the amount of feces 

209 observed between F-N and M-N, except at T24 (Fig. 2D, 2E). Likewise, the occurrence of 

210 fecal pellets was accelerated in the animals under inverted cycle, particularly in females, 

211 although males presented a much larger amount of feces than females, with the 

212 maximum number occurring at T6 in both sexes, whereas it was at T8 in the normal cycle 

213 groups (Fig. 2E). 

214

215 Morphometric and densitometric analysis
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216 The morphometric (size) and densitometric (contrast density) analysis of stomach, 

217 caecum and fecal pellets showed similar changes throughout the experiment, as those 

218 found in the semiquantitative study. Thus, here we will focus on the maximum values 

219 obtained for size and contrast density of these items. 

220

221 The maximum size of the stomach at T0, was around 480-550 mm2, except for F-I, which 

222 was significantly smaller, around 376 mm2 (Fig. 3A). The maximum gastric density, also 

223 obtained at T0, was close to 100% for all groups (Fig. 3B). 

224

225 In contrast, the maximum size of the caecum was slightly, but significantly, smaller in 

226 females than in males, regardless of the type of light cycle (Fig 3C). When analyzing the 

227 density, all groups reached similar maximum values at T2-T4, without statistically 

228 significant differences at these time points (Fig. 3D).  

229

230 Finally, the fecal pellet area and density values were averaged between T4 and T8 (when 

231 these values reached their maximum). The maximum size was similar for all groups, 

232 around 70-85 mm2, except for F-I which was significantly smaller, around 53 mm2 (Fig. 

233 3E). With respect to barium density, the fecal pellets of the M-I group had a lower 

234 density than the M-N group, whilst no differences were observed due to the cycle in 
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235 females. Furthermore, the density in the F-I group was higher when compared to M-I 

236 (Fig. 3F). 

237

238 Characteristics of the feces collected during the X-ray session

239 Figure 4A shows representative images of barium-stained and non-stained fecal pellets 

240 at T24. Rats expelled 0-4 fecal pellets per hour, without significant differences among 

241 groups (Fig. S3A). The percentage of expelled stained fecal pellets increased in all groups 

242 in a time-dependent manner, with the F-I group being significantly faster than the other 

243 groups, followed by M-I, M-N and F-N, in that order (Fig. 4B). The radiopacity pattern 

244 was similar to that of the % of stained fecal pellets, but interestingly M-I practically 

245 overlapped with M-N throughout the whole study, whilst significant differences in the 

246 radiopacity along time were found between F-N and F-I (Fig. 4C). 

247

248 To evaluate the moisture of the feces, the difference between wet and dry weight (wet 

249 weight – dry weight; Fig. S3B and C show these parameters individualized) was 

250 calculated. All the groups had similar values throughout the experiment except M-N 

251 group at T1, when the difference was significantly greater compared to the rest of the 

252 groups. The other groups had a value of about half of that found in M-N at T1 (Fig. 4C). 

253
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254 DISCUSSION

255 Although many different techniques have been used to analyze gastrointestinal transit 

256 in laboratory animals (for example, see Table S1 in 15), non-invasive techniques are 

257 preferable for both ethical reasons and translatability. In the present study we have 

258 demonstrated, for the first time using non-invasive radiographic techniques, the effects 

259 of the circadian rhythm and its related behavior and that of sex on gastrointestinal 

260 transit. Importantly, our results agree with those of other researchers using other 

261 invasive or indirect techniques,11,16 with the advantages of including a relatively low 

262 number of animals and obtaining more detailed information from the different 

263 gastrointestinal organs along time.

264 X-ray study of gastrointestinal transit in male rats under normal light cycle

265 In this 24-hour study, we used the M-N group as a reference, in the same way as in most 

266 rodent X-ray studies, including those carried out by our research group in rats 

267 (Supplementary Table I), since the transit patterns are well established in these animals. 

268 As expected, in this study the transit pattern in M-N group was similar to that previously 

269 found by other authors and also by our group.12,17-19

270 The present study benefits from the performance of a comprehensive analysis of the 

271 fecal pellets collected during the radiographic session. The percentage of stained fecal 
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272 pellets showed a progressive increase from T4 to T24. Similar to the number of stained 

273 fecal pellets within the colorectum, radiopacity increased up to T8 and decreased 

274 afterwards. Since radiopacity is measured using the average of all fecal pellets, the 

275 decrease at T24 is a reflection of the production of new pellets (without staining) during 

276 the night, when animals are more active and also eat more.20-22 

277 The increased moisture (associated with highest wet fecal matter expulsion, Fig. S3B) of 

278 the fecal pellets collected at T1 (Fig. 4D), probably reflects some level of psychological 

279 stress, since increased fecal moisture and fecal production are generally considered as 

280 indirect markers of stress in male rats.23

281 X-ray study of gastrointestinal transit in female rats under normal light cycle

282 To our knowledge, no previous study has specifically evaluated the influence of sex on 

283 gastrointestinal transit using radiographic methods in rodents. In the few radiographic 

284 studies in which females were used, results from animals of both sexes were either 

285 combined24-28 or evaluated separately without a specific comparison29 and 

286 methodological differences (including animal species) preclude proper comparison with 

287 our results. In the present study, the F-N transit curves were similar to those of M-N 

288 from the moment of barium administration (T0) until T8 for all regions, but from this 

289 point till T24 gastrointestinal transit was delayed in F-N. Although early human studies 

Page 16 of 46

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

Laboratory Animals

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Under Review

290 showed shorter gastrointestinal transit times in healthy men compared to healthy 

291 women,1-5 our results suggest that, under normal light conditions, gastrointestinal 

292 transit is equivalent in rats of both sexes for the first 8 h, when the animals are relatively 

293 inactive, eat less and, consequently, their gastrointestinal motility is less stimulated 

294 (which could be somehow similar to fasting in humans). Afterwards, during the activity 

295 phase, transit of the large intestine appears to be delayed in females compared to males, 

296 with a certain degree of retention of barium-stained content in both the caecum and 

297 colorectum. The reduction in the maximum size of the caecum found in females, is 

298 probably related to its sexual dimorphism in body weight.30,31 However, these 

299 morphometric differences would have favored a faster transit in the large intestine. 

300 Thus, they do not seem to contribute to the transit differences between the two sexes 

301 under normal cycle. 

302 In F-N, the curve for the percentage of stained fecal pellets showed a similar pattern to 

303 those of M-N, except for the fact that at T8 no stained fecal pellet was recovered from 

304 the cage. Interestingly, the absence of stained fecal pellets in the cage at T8 was 

305 followed by a slight increase in stomach size and small intestine staining at T24 in this 

306 group of animals, maybe due to coprophagia, which is a common behavior in rats.32,33  
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307 A difference between sexes, unlikely related with their body weight, was the fact that at 

308 T1 females produced less fecal matter with significantly lower moisture. Interestingly, in 

309 a previous study also performed in male and female mice under normal light cycle, we 

310 found similar results.34 In that study, mice were isolated in cages without bedding for 4 

311 hours after intragastric administration of barium and the fecal pellets produced were 

312 radiographically analyzed. Despite the evident methodological differences, in both 

313 species, males produced more feces and with more moisture at the beginning of the 

314 study than at later moments, reflecting a certain level of initial stress, perhaps 

315 associated with the manipulation (barium administration) and the new conditions (new 

316 cage). This phenomenon may reflect some important dimorphism in rodent biology that 

317 deserves further investigation regarding its mechanisms and function and could be 

318 attributed to differences in the gastrocolic response to mechanical stimulation of the 

319 stomach by barium administration and/or psychological stress associated with the initial 

320 handling and exposure to the new environment, aforementioned.23,35

321 Influence of the circadian rhythm on the gastrointestinal transit of male and female rats 

322 Although the impact of the circadian rhythm on gastrointestinal transit has been 

323 evaluated in different species, including humans,36-38 to the best of our knowledge, it 

324 has never been addressed in laboratory animals using radiographic methods. 
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325 Compared with M-N, M-I showed much faster transit in the upper gastrointestinal tract 

326 (stomach and small intestine) and faster filling and emptying of the caecum and the 

327 colorectum during the first 8 h of the study. However, emptying of caecum and 

328 colorectum was delayed at T24. These results were expected, since in the M-I group the 

329 experiments performed from T0-T8 occur during their activity phase, when animals 

330 move, eat, and defecate more. 20-22,39 

331 Interestingly, the moisture of the fecal pellets did not increase at T1 in M-I as seen for 

332 M-N, suggesting that during their activity phase the males might be less sensitive to the 

333 stress produced by the new experimental conditions (transport to the X-ray room, 

334 barium gavage, brief restraint…) than during their inactivity phase.

335 Finally, in F-I, gastric emptying was similar to that of M-I but emptying of the small 

336 intestine and caecum was much faster in F-I than in any other group, including F-N, 

337 leading to much faster colorectum filling which was also reflected in a higher percentage 

338 of expelled stained pellets at earlier times. Furthermore, female groups were not 

339 significantly different in terms of their body weight or their distribution among estrous 

340 phases, suggesting that these factors had little contribution to our transit results. In the 

341 morphometric analysis, F-I animals showed smaller stomach (at T0) and fecal pellets (at 

342 T4-T8), but their maximum caecum size (at T4-T6) was not significantly different from 
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343 that of F-N group. Thus, although we did not measure the small and large intestine 

344 lengths at sacrifice, which would have helped to ascertain this issue, it is unlikely that 

345 the morphometric differences found in the X-rays explain such a fast gastrointestinal 

346 transit in F-I group. Furthermore, a higher level of stress at the beginning of the study 

347 does not seem to underlie the faster transit either, since at T1 the moisture parameters 

348 of fecal pellets were as in M-I and F-N. Nevertheless, our results agree with a recent 

349 invasive study in mice, in which Soni et al11 compared the transit of males and females 

350 at different phases of the day and with different fasting times. They found that females 

351 analysed in the morning had a slower gastrointestinal transit than those analysed in the 

352 afternoon and concluded that females are more sensitive than males to the phase of the 

353 circadian rhythm. Moreover, an indirect study, based on the analysis of the microbiota, 

354 also found differences between the sexes associated with the circadian rhythm.16

355 Although other activities, such as locomotor activity, may affect gastrointestinal transit, 

356 the impact of food ingestion is a relevant driving force leading to its acceleration. In this 

357 sense, food ingestion increases during the phase of activity, which corresponds to the 

358 lights off period20. Although fasting is usually imposed in gastrointestinal transit studies 

359 and its duration has an impact on the results,11 in the present study we did not fast the 

360 animals before the experiments for ethical reasons (fasting duration would have been 

361 much longer than 24 h). Therefore, manipulation, which was the same for all animals, 
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362 was only limited to the unavoidable handling of the animals needed to take the X-rays. 

363 Thus, in this study, the animal activities that normally take place during the different 

364 moments of the day were only minimally altered. 

365 Finally, it could seem that our results were mainly due to the difference in body weight 

366 displayed by male and female rats (which ranged from 72 to 329 g). In agreement, M-N 

367 tended to produce more wet and dry fecal matter than F-N, particularly at T6-T24 (Fig. 

368 S3B, C). However, the amount of fecal matter collected from the cage of the animals 

369 under the inverted cycle, was practically the same up to T8, regardless of their sex (Fig. 

370 S3B, C). Thus, the differences in body weight alone do not suffice to explain our results 

371 on fecal matter production and gastrointestinal transit.

372 CONCLUSIONS

373 In the present study, the influence on gastrointestinal transit of sex and the circadian 

374 rhythm and its related behavior was evaluated in the rat using radiographic methods for 

375 the first time. When the study was performed under normal light cycle, i.e., during the 

376 inactivity phase of the animals, males and females had similar transit times despite their 

377 different body weight and slightly different defecation. Under an inverse light/dark 

378 cycle, animals of both sexes showed an accelerated gastrointestinal transit compared to 

379 animals under a normal light cycle, but females displayed an even more accelerated 
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380 transit when compared to males, although fecal matter production was similar.  Thus, 

381 both sex and the circadian rhythm (or its associated feeding and locomotor activities) 

382 have a paramount influence on gastrointestinal transit. 

383 Our results highlight the need for more detailed studies to precisely define the influence 

384 of sex on the gastrointestinal and other physiological functions, and how these functions 

385 change throughout the day. 
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555 FIGURE LEGENDS

556 Figure 1. Animal characteristics at T0. (A) Body weight, values represent the mean  

557 SEM. (B) Estrous cycle phase, values represent the % of females in each phase. # p<0.05, 

558 #### p<0.0001 vs M-N; $$$$ p<0.0001 vs M-I (One-way ANOVA followed by Tukey post-hoc 

559 test). (C) Representative images of the estrous phases.

560

561 Figure 2. Radiographic study of the differences in gastrointestinal transit by sex and 

562 circadian rhythm: semiquantitative analysis. Data represent mean  SEM for motor 

563 function in stomach (A), small intestine (B), caecum (C) and colorectum (D). (E) Number 

564 of fecal pellets stained within the colon at each time point of the X-ray session. # p<0.05, 

565 ## p<0.01, #### p<0.0001 vs M-N; $ p<0.05, $$$$ p<0.0001 vs M-I; *p<0.05, **p<0.01, 

566 ***p<0.001, ****p<0.0001 vs F-N (Two-way ANOVA followed by Tukey post-hoc test). (F) 

567 Representative X-rays of rats. 

568

569 Figure 3. Radiographic study of the differences in gastrointestinal transit by sex and 

570 circadian rhythm: morphometric and densitometric analysis. (A), (C), (E) Changes in the 

571 size of stomach, caecum and fecal pellets, respectively. (B), (D), (F) Changes in density 

572 of barium within the same stained organs. Values represent the mean ± SEM. # p<0.05, 

573 ## p<0.01, #### p<0.0001 vs M-N; $ p<0.05, $$ p<0.01, $$$ p<0.001 vs M-I; *p<0.05, **p<0.01, 
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574 ****p<0.0001 vs F-N (A-D, Two-way ANOVA followed by Tukey post-hoc test; E-F, One-

575 way ANOVA followed by Tukey post-hoc test).  Abbreviations: M-N, male-normal cycle; 

576 F-N, female-normal cycle; M-I, male-inverted cycle; F-I, female-inverted cycle.

577

578 Figure 4. Characteristics of the feces collected during the X-ray session: staining and 

579 moisture. (A) Representative images showing a photograph of the feces collected at T24 

580 in one cage (left) and their radiographic appearance (right). Barium-stained, residually-

581 stained and non-stained fecal pellets are shown. (B) % of stained fecal pellets. (C) 

582 Radiopacity. (D) Fecal pellet moisture measured as difference (wet-dry fecal matter). 

583 Data represent the mean  SEM. # p<0.05, ## p<0.01, ### p<0.001, #### p<0.0001 vs M-N; 

584 $$$ p<0.001, $$$$ p<0.0001 vs M-I; *p<0.05, ****p<0.0001 vs F-N (Two-way ANOVA 

585 followed by Tukey post-hoc test). Abbreviations: M-N, male-normal cycle; F-N, female-

586 normal cycle; M-I, male-inverted cycle; F-I, female-inverted cycle.

587

588 Figure S1. Restraining device for the radiographic study. The restraining device is a hand-

589 made flexible transparent plastic tube with two hind flaps and one front flap that allow 

590 the non-stressful insertion and release of the animal, respectively (A). To limit the 

591 movement of the animals during the X-ray procedures, they are inserted in the 

592 restraining tube. Once the animal has entered the trap, the base is closed with two 
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593 Velcro tabs located at the base of the tube itself (hind flaps); after the X-ray has been 

594 taken, the animal is allowed to exit the tube by opening the front flap (B).

595

596 Figure S2. Characteristic transit pattern for the stomach, small intestine, caecum and 

597 colorectum obtained from male rats during normal cycle. A single dose of barium sulfate 

598 (2.5 mL, 2 g mL−1) was intragastrically administered at time 0 and X-rays were taken 

599 immediately at 0, 1, 2, 4, 6, 8 and 24 h after administration. In (A), (B), (C) and (D) the 

600 data for each parameter analyzed at each time point for each organ are shown: 

601 Percentage of the organ filled with contrast (P, up to 4 points); Intensity of contrast (I, 

602 up to 4 points); Sharpness of the profile of the organ (S, up to 2 points); Homogeneity of 

603 contrast (H, up to 2 points). In (E) the sum of each of the analyzed parameters for each 

604 organ is shown at each of the experimental time points. Data represent the mean±SEM. 

605 (F) Representative X-rays obtained from the normal cycle male rats at 1, 4, 8 and 24 h 

606 after administration of barium sulfate. Abbreviations in F: St, stomach; SI, small 

607 intestine; C, caecum; FP, fecal pellets in the colorectum.

608

609 Figure S3. Characteristics of feces collected during the X-ray session. Motor function was 

610 measured by radiological methods (see text). Four groups of animals were used, according to 

611 sex (males, M; females, F) and the exposure to normal (lights on 8 am to 8 pm, N) or inverted 
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612 (lights on 8 pm to 8 am, I) light cycle: M-N, M-I, F-N, F-I. The fecal pellets were collected from 

613 the cages along the X-ray session and weighted both before and after drying in an oven (see 

614 text). Data represent the mean  SEM for the number of fecal pellets (A), as well as the wet (B) 

615 and dry (C) weight of fecal pellets. # p<0.05 vs M-N; *p<0.05 vs F-N (Two-way ANOVA followed 

616 by Tukey post-hoc test).

617
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Figure 1. Animal characteristics at T0. (A) Body weight, values represent the mean  SEM. (B) Estrous cycle 
phase, values represent the % of females in each phase. # p<0.05, #### p<0.0001 vs M-N; $$$$ 

p<0.0001 vs M-I (One-way ANOVA followed by Tukey post-hoc test). (C) Representative images of the 
estrous phases. 
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Figure 2. Radiographic study of the differences in gastrointestinal transit by sex and circadian rhythm: 
semiquantitative analysis. Data represent mean  SEM for motor function in stomach (A), small intestine 

(B), caecum (C) and colorectum (D). (E) Number of fecal pellets stained within the colon at each time point 
of the X-ray session. # p<0.05, ## p<0.01, #### p<0.0001 vs M-N; $ p<0.05, $$$$ p<0.0001 vs M-I; 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs F-N (Two-way ANOVA followed by Tukey post-hoc 

test). (F) Representative X-rays of rats. 
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Figure 3. Radiographic study of the differences in gastrointestinal transit by sex and circadian rhythm: 
morphometric and densitometric analysis. (A), (C), (E) Changes in the size of stomach, caecum and fecal 
pellets, respectively. (B), (D), (F) Changes in density of barium within the same stained organs. Values 

represent the mean ± SEM. # p<0.05, ## p<0.01, #### p<0.0001 vs M-N; $ p<0.05, $$ p<0.01, $$$ 
p<0.001 vs M-I; *p<0.05, **p<0.01, ****p<0.0001 vs F-I (A-D, Two-way ANOVA followed by Tukey post-
hoc test; E-F, One-way ANOVA followed by Tukey post-hoc test).  Abbreviations: M-N, male-normal cycle; 

F-N, female-normal cycle; M-I, male-inverted cycle; F-I, female-inverted cycle. 

190x253mm (133 x 133 DPI) 

Page 35 of 46

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

Laboratory Animals

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Under Review

 

Figure 4. Characteristics of the feces collected during the X-ray session: staining and moisture. (A) 
Representative images showing a photograph of the feces collected at T24 in one cage (left) and their 

radiographic appearance (right). Barium-stained, residually-stained and non-stained fecal pellets are shown. 
(B) % of stained fecal pellets. (C) Radiopacity. (D) Fecal pellet moisture measured as difference (wet-dry 

fecal matter). Data represent the mean  SEM. # p<0.05, ## p<0.01, ### p<0.001, #### p<0.0001 vs 
M-N; $$$ p<0.001, $$$$ p<0.0001 vs M-I; *p<0.05, ****p<0.0001 vs F-I (Two-way ANOVA followed by 

Tukey post-hoc test). Abbreviations: M-N, male-normal cycle; F-N, female-normal cycle; M-I, male-inverted 
cycle; F-I, female-inverted cycle. 
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Table I. Studies using non-invasive radiographic methods to evaluate gastrointestinal motility in small experimental animals (mainly rodents).

Year Drug or condition studied Species Sex of animals Light cycle 
phase

Reference

1979 No drug administration.
Diabetic animals.

Chinese 
hamsters

Both, without 
comparison

N.S. Diani et al., 1979

1983 Different drugs (dopamine antagonists, apomorphine, atropine, 
eserine, prazosin, propranolol).

Guinea pig Both, without 
comparison

N.S. Costall et al., 
1983

1993 No drug administration.
Groups with different ages at the point of X-ray study.

Rat Female N.S. Perry et al., 1993

1994 No drug administration.
1,000 eggs of Taenia taeniaformis dosed orally.

Rat Female N.S. Perry et al., 1994

1995 No drug administration.
Dietary fiber (wheat bran) at 0, 20 or 40% (% weight).

Rat N.S. N.S. Munakata et al., 
1995

2005 Ethosuximide (150 mg/kg) oral administration for 15 days.
One single neostigmine (4 ml kg-1 0.25%, i.m.) or metoclopramide (10 
mg kg-1, i.p.) administration.

Rat Male N.S. Sirakov et al., 
2005

2008 One single cisplatin (3 or 6 mg kg-1, i.p.) administration. Rat Male Normal Cabezos et al., 
2008

2009 WIN 55,212-2 (0.5 or 5 mg kg-1, i.p) administration, once a day for 14 
consecutive days.

Rat Male Normal Abalo et al., 2009

2010 One single WIN 55,212-2 (0.5, 1, 2 and 5 mg kg-1, i.p.) administration.
One single CB1 antagonist AM251 (1 mg kg-1, i.p.) and/or the CB2 
antagonist SR144528 (1 mg kg-1, i.p.) administration.

Rat Male Normal Abalo et al., 2010

2010 Cisplatin (at 1, 2, or 3 mg kg-1, i.p.) administration once a week for 
four weeks

Rat Male Normal  Cabezos et al., 
2010
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2011 WIN 55,212-2 (0.5 or 5 mg kg-1, i.p.) administration alone or after 
CB1 antagonist/ inverse agonist AM251 (1 mg kg-1, i.p.) 
administration, once a week for four weeks.

Rat Male Normal Abalo et al., 2011

2013 One single loperamide (5 or 10 mg kg-1, i.p.) administration. Mice Female Inverted Myagmarjalbuu 
et al., 2013

2013 WIN 55,212-2 (0.5 or 1 mg kg-1, i.p.) and cisplatin (2 mg kg-1, i.p.) 
administrations, once a week for four weeks.

Rat Male Normal Abalo et al., 2013

2014 Loperamide (5 mg kg-1, s.c.), metoclopramide (10 mg kg-1, i.p.) or 
milk of magnesia (0.2 mL, gavage) administration.

Mice Both, without 
comparison

Normal Reed et al., 2014

2014 Granisetron (1 mg kg-1, i.p.) and, 30 minutes after, cisplatin (2 mg kg-

1, i.p.), once per week for 4 weeks.
Rat Male Normal Vera et al., 2014

2014 One single 6-OHDA stereotaxic administration in the medial 
forebrain bundle.

Rat Male Normal Vegezzi et al., 
2014

2015  MSG (4 g L-1) in the drinking water for 6 weeks. Rat Male Normal López-Miranda et 
al., 2015

2015 One single AM841 (0.1 or 1 mg kg-1, i.p.) or WIN 55,212-2 (5 mg kg-1, 
i.p.) administration.
One single CB1 (AM251, 1 mg kg-1, i.p.) or CB2 (AM630, 1 mg kg-1, 
i.p.) antagonist administration prior to the agonists.

Rat Male Normal Abalo et al., 2015

2016 One single morphine (5 or 10 mg/kg, i.p.) administration. Rat /mice Male Normal Girón et al., 2016
2016 Prucalopride or loperamide (1, 2, or 4 mg kg-1, s.c.) continuous 

(osmotic mini-pump) administration, for seven days, in aged animals 
(18 months-old).

Rat Male Normal Dalziel et al., 
2016 

2016 5-FU (23 mg kg-1, i.p.) administration three times a week for two 
weeks.

Mice Male Normal McQuade et al., 
2016

2017 No drug administration.
Genetic model of IBD (Winnie mice).

Mice Both, without 
comparison

Normal Robinson et al., 
2017
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2017 One single vincristine (0.1 or 0.5 mg kg-1, i.p.) administration, alone 
or with CB1 (AM251) or CB2 (AM630) administered 1-3 times (1 mg 
kg-1, i.p.; 20 min before, 12 h after, 24 after vincristine).

Rat Male Normal Vera et al., 2017

2017 5-FU (150 mg kg-1, i.p.) once a day for two consecutive days alone or 
with WIN 55,212-2 (0.5 mg kg-1, i.p.) administration once a day for 
four days.

Rat Male Normal Abalo et al., 2017

2017 Basal conditions.
WKY (stress-prone) rats 

Rat Male Normal Dalziel et al., 
2017

2017 Prucalopride or loperamide (1, 2, or 4 mg kg-1, s.c.) continuous 
(osmotic mini-pump) administration, for seven days, in aged animals 
(18 months-old) fed a control or test diet (enriched in milk proteins, 
whey or casein, hydroized or not).

Rat Male Normal Dalziel et al., 
2017

2018 Oxaliplatin (3 mg kg-1, i.p.) with or without BGP-15 (15 mg kg-1, i.p.) 
administration three times a week for two weeks.

Mice Male Normal McQuade et al., 
2018 

2018 Vincristine (0.1 mg kg-1, i.p.) administration once daily in 2 cycles of 5 
days each.

Rat Male Normal López Gomez et 
al., 2018 

2018 Normal rats at different ages (2-3, 12, 18, 24 months)
Streptozotocin (60 mg kg-1, i.p.) administration and X-ray evaluation 
4 weeks after.

Rat Male Normal Abalo et al., 2018

2019 Coffee silverskin melanoidins in drinking water for 4 weeks. Rat Male Normal Tores de la Cruz 
et al., 2019

2019 Granisetron (1 mg kg-1, i.p.) followed by cisplatin (6 mg kg-1, i.p.) 
administration 30 minutes after.

Rat Male Normal Martín-Ruíz et 
al., 2019 

2019 5-FU (23 mg kg-1, i.p.) administration with or without BGP-15 (15 mg 
kg-1, i.p.) three times a week.

Mice Male Normal McQuade et al., 
2019 

2019 Spent coffee grounds (1 g kg-1, gavage) administration by oral gavage 
every day for 4 weeks.

Rat Male Normal Iriondo-DeHond 
et al., 2019
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2019 Loperamide (0.1, 1, or 10 mg kg-1, i.p.) administration. Rat Male Normal Vera et al., 2019
2019 Four different diets (standard, AIN-93G and AIN-93G enriched in 

coconut or evening primrose oil) with a different amount and 
composition of fatty acids for 4 weeks.

Rat Male Normal Mosinska et al., 
2019

2019 LPS (0.1, 1 or 5 mg kg-1, i.p.) administration. Rat Male Normal Abalo et al., 2019
2019 Viral antigen Poly I:C i.p. administration on gestational day 15.

X-rays were taken at young adult age of the male offspring.
Rat Male Normal Gálvez et al., 

2019
2021 Genetic model of IBD (Winnie mice) treated with APX3330 (25 mg kg-

1, i.p.) administration, twice daily for 2 weeks
Mice Both, without 

comparison
Normal Sahakian et al., 

2021
2021 Three different diets (AIN-93G and AIN-93G enriched in coconut or 

evening primrose oil) with a different amount and composition of 
fatty acids for 6 weeks.

Rat Both, with 
comparison

Normal Jacenik et al., 
2021

2021 MSG (4 g L-1) in drinking water for 6 weeks (0-5). Cisplatin (2 mg kg-1, 
i.p.) administration on the first day of weeks 1-5.

Rat Male Normal López-Tofiño et 
al., 2021

2021 No drug administration. 
Acute and subchronic stress through forced swim or restrain at 4ºC.

Rat Male Normal Bagués et al., 
2021

Abbreviations: 5-FU, 5-fluorouracil; 6-OHDA, 6-hydroxydopamine; i.m., intramuscular; ip., intraperitoneal; LPS, lipopolysaccharide; MSG, 
monosodium glutamate; N.S., not specified; s.c., subcutaneous.
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