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16 Abstract

17

18 Glyphosate, the active ingredient of world’s most widely used herbicide RoundupTM, has 

19 attracted attention due to its impact on non-target organisms. Recent studies highlight the effects 

20 of glyphosate and glyphosate-based herbicides on the hypothalamic-pituitary-adrenal (HPA) axis 

21 of vertebrates. Nevertheless, previous studies utilised dosages higher than toxicological reference 

22 values (TRVs) suggested by the European Food Safety Authority (EFSA), or formulations of 

23 glyphosate, not allowing for clear distinctions of the effects of glyphosate itself. Moreover, its 

24 impact on the HPA axis was assessed using blood samples, a technique inappropriate for small 

25 animals and for assessing long-term chronic effects. Here we tackled those caveats by analyzing 

26 faecal corticosterone metabolites (FCMs) of the wall lizard Podarcis bocagei to detect 

27 glyphosate-induced effects on the HPA axis. This species provides a promising animal model as 

28 reptiles are prevalent in agricultural fields treated with herbicides, reptile-specific TRVs are still 

29 lacking, and only five studies have validated immunoassays for measuring FCMs in reptiles. 

30 Here we validated the 5α-pregnane-3ß,11ß,21-triol-20-one enzyme immunoassay. We detected a 

31 glyphosate-induced moderate increase in FCM levels during the exposure phase, while exposed 

32 animals of both sexes displayed an altered mass-depended FCM profile. Our results indicate that 

33 glyphosate likely impacts the energy mobilization and management of lizards, at the expense of 

34 maintenance, growth and reproduction. Our outcomes support the need for reptile-specific TRVs 

35 and the consideration of reptiles in EFSA's risk assessment for glyphosate. In methodological 

36 terms, FCM analysis can serve as an effective non-invasive tool to estimate the chronic impacts 

37 of glyphosate in animal species.

38 Keywords: Ecotoxicology, Herbicides, Hypothalamic-pituitary-adrenal axis, Enzymatic 

39 immunoassay, Reptiles
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40 1. Introduction

41 Glyphosate and its potential effects on humans and other non-target organisms has 

42 attracted the attention in recent years [1–3]. It was discovered by Dr. Henri Martin in 1950, while 

43 its use as an active ingredient in pesticides started in 1974 as part of the broad-spectrum 

44 herbicide formulation RoundupTM. However, it was the production of genetically modified 

45 glyphosate-resistant crops in 1996 that triggered its massive annual production and overuse 

46 making it the most popular herbicide worldwide [4]. As a result, glyphosate residues are 

47 currently found everywhere, from crops and animal food, to drinking water, rain and air [3]. This 

48 increased exposure to glyphosate residues by humans has raised the awareness especially after its 

49 classification as “probably carcinogenic” by the World Health Organization (WHO) [5]. Recent 

50 studies highlight the potential effects of glyphosate exposure on the central nervous, endocrine, 

51 cardiovascular, digestive, reproductive, and immune system of humans [3]. Detected 

52 concentration of glyphosate in urine have been correlated with certain diseases. Notably, those 

53 studies present correlations and not causations as proper experimental data are lacking [3]. 

54 Nevertheless, the potential impact of glyphosate on the gut-brain-microbiome axis and the 

55 possible cascading effects on the hypothalamic-pituitary-adrenal (HPA) axis are of legitimate 

56 concern [3]. Glyphosate targets the shikimate pathway by inhibiting the enzyme 5-

57 enolpyruvylshikimate-3-phosphate synthase (EPSPS), and subsequently blocking the production 

58 of aromatic amino acids, such as tryptophan, tyrosine or phenylalanine [6]. This pathway exists 

59 in plants, but also in fungi, bacteria, protozoa and archaea, making glyphosate a potential gut 

60 microbiome disruptor. 

61 Several studies conducted in animal models prove how glyphosate and glyphosate-based 

62 herbicides (GBH) may alter the corticosterone levels in the blood of non-target species. 
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63 Alterations in the gut microbiome due to glyphosate exposure may lead to the activation of the 

64 HPA axis by the overexpression of pro-inflammatory cytokines and the elimination of microbial 

65 taxa which contribute to the reduction of oxidative stress [1]. Exposure to the GBH Roundup 

66 Original® can induce a significant increase in the serum concentration of corticosterone and 

67 aldosterone of treated albino rats [7]. The same study reported no significant changes in 

68 corticosterone and aldosterone levels after exposure to pure glyphosate holding the adjuvants of 

69 the formulation responsible for the observed toxicity. However, that study employed glyphosate 

70 dosages above the acceptable daily intake (ADI) for mammals, thus the observed toxicity can be 

71 challenged due to overdosing. An increase in plasma corticosterone levels of the Argentinian 

72 tegu lizard after the exposure to a cocktail of pesticides (cypermethrin (25%), glyphosate 

73 (66.2%) and chlorpyrifos (48%)) has also been reported [8]. In that study, the use of a pesticide 

74 mixture was rightfully selected to mimic the practices followed in agricultural fields. 

75 Nonetheless the lack of control groups for each pesticide did not allow for discrimination of the 

76 impact of each pesticide separately. Moreover, glyphosate was applied as a commercial 

77 formulation and not in its pure form. Lastly, Khan et al. [9] reported an increase in plasma 

78 cortisol levels after the simultaneous exposure to elevated temperature and a glyphosate 

79 formulation in the common carp, while the sole exposure to glyphosate did not increase cortisol 

80 levels. Temperature alone induced a significant increase which, however, was of lower 

81 magnitude compared to the combined effects of glyphosate and temperature, highlighting how 

82 environmental temperature can alter the toxicity of chemicals for ectothermic species. 

83 Undoubtedly, the aforementioned studies provide useful evidence on the potential effects of 

84 glyphosate and GBH on the HPA axis. However, they either exposed animals to dosages higher 

85 than the ADI reference dosage, or to formulations of glyphosate and not to the pure active 
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86 ingredient. Thus, the reported toxic effects of glyphosate may either be due to overdosing or to 

87 the adjuvants present in formulations. As such the European Food Safety Authority (EFSA) 

88 cannot use them as references for the establishment of toxicological reference values (TRVs) like 

89 the ADI or the acute reference dose (ARfD). As a result, studies testing biologically relevant 

90 dosages are necessary to establish glyphosate TRVs for the non-target species for which such 

91 values are still lacking. 

92 Another caveat in the existing literature regarding the effects of glyphosate and GBH on 

93 the HPA axis stands in the techniques used for the determination of glucocorticoids. Most studies 

94 opt for blood samples, which have been proven to be limited especially for stressors that induce 

95 long-term chronic effects [10]. As blood collection is an invasive technique, both the handling 

96 and the needling can act as an extra stressor, resulting in the elevation of glucocorticoids in the 

97 blood which may confound or even mask the effect of the toxicant [11–13]. This is especially 

98 true for small animals like lizards for which handling acts as an acute stressor [14]. After 

99 handling, glucocorticoids in the blood usually spike within two to three minutes thus the time 

100 window of sample acquisition to capture the baseline glucocorticoid levels is narrow [11]. 

101 Moreover, glucocorticoid assessment from blood samples depicts a snapshot view of the HPA 

102 axis activity by the time of sample acquisition. However, when determining the sub-lethal, long-

103 term effects where stress response potentially occurs after the bioaccumulation of the toxicant 

104 such time window is difficult to define and the direction (increase or decrease) of the 

105 glucocorticoids becomes unpredictable [15]. Lastly, repeated blood sampling can damage the 

106 vascular beds and is not recommended for long-term monitoring of the HPA axis activity of 

107 small animals [11,16] 
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108 In this context, the use of faecal samples for determining faecal corticosterone 

109 metabolites (FCMs) can serve as an effective alternative. This is a non-invasive technique which 

110 does not require animal handling. It can capture the effect of chronic stressors providing the 

111 profile of FCM fluctuations of an individual over time as it allows for frequent serial sampling. 

112 As such, each animal serves as its own control [10]. Moreover, faeces are considered more 

113 appropriate for assessing baseline or chronic HPA activity, since short episodic variations in 

114 plasma glucocorticoids are not portrayed in FCM levels [17]. FCM analysis has been applied in 

115 research areas, such as ethology, ecology, animal conservation and welfare, as well as 

116 biomedicine. Important prerequisites for the proper application of this method are 1) that samples 

117 are collected quickly enough after each defecation event, 2) are cold-stored immediately after 

118 collection and 3) the assay used for the determination of FCMs is analytically, physiologically 

119 and/ or biologically validated for each new focal species that is being investigated [10]. Most 

120 studies that have applied an FCM analysis have focused on mammals and birds while other 

121 groups like reptiles are underrepresented [10]. Notably, FCMs have been estimated for 

122 approximately 25 reptilian species, but a proper physiological and/or biological validation of the 

123 assays used have been reported for only five species [14]. This reveals an essential gap in the 

124 existing literature regarding the correct use of FCMs for addressing the effects of stressors on 

125 reptiles. To our knowledge, no previous study has attempted to assess the effects of glyphosate 

126 on animals by analyzing FCM levels after exposure to the toxicant. As glyphosate or GBH can 

127 impact reptiles’ DNA [18], reproductive system [19,20], metabolism [21], gut microbiome [22] 

128 and the levels of corticosterone in their blood [8], the use of FCMs could be used as a tool to 

129 understand if pure glyphosate can trigger the activation of the HPA axis. 
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130 The purpose of this study was twofold. On the one hand, we aimed to validate the 5α-

131 pregnane-3ß,11ß,21-triol-20-one enzyme immunoassay (hereafter 37e EIA) for FCM detection 

132 in Podarcis bocagei. This immunoassay has been recently validated for the closely related 

133 species P. muralis [14], but, as stated above, FCM immunoassays should be validated for each 

134 new focal species that is being investigated. On the other hand, we investigated whether 

135 exposure to pure glyphosate can induce alterations in the FCM levels of exposed lizards. We 

136 hypothesized that glyphosate exposed animals would present altered FCM levels during the 

137 period of exposure to glyphosate due to the activation of the HPA axis, the potential alterations 

138 in the gut microbiome of the lizards or both.

139 2. Materials and Methods

140 2.1. Experimental animals

141 In March 2025, we captured by noose eighty-three P. bocagei individuals. No previous 

142 application of pesticides has been reported at the sampling site (Vila do Conde, NW Portugal; 

143 41.356099, -8.740022, 10 m a.s.l.). All lizards were subsequently transported and housed at 

144 CIBIO facilities in Vairão (about 7 km distant), where we measured their Snout-Vent Length 

145 (SVL; ±0.01 mm) and body mass (±0.0001 g) with digital callipers and a precision balance 

146 (Sartorius M-Pact AX224, Sartorius AG, Goettingen, Germany), respectively. We only used 

147 lizards of SVL more than 45 mm as this is considered the threshold for reproductive maturity for 

148 P. bocagei [23]. Moreover, we visually assessed all individuals for injuries, malformations, 

149 missing fingers and the status of their tail (fully or partly regenerated or intact). Eventually, our 

150 dataset consisted of 71 adult individuals (36 females and 35 males). Out of those we randomly 

151 selected three males and four females that formed the group for the validation of the 37e EIA. As 

152 a result, the experimental group consisted of 32 adult males and 32 adult females. 
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153 To ensure proper housing conditions that minimizes external stress and probability of 

154 infections, each animal was housed separately, with paper substrate that was replaced regularly 

155 [24]. Paper was also placed on one side of the terrarium to prevent eye-contact between 

156 individuals which could result in aggression and thus elevated stress. Sterilized ceramic bricks 

157 were used as basking spots. Infrared lamps were used during the day (from 9:00 a.m. to 7:00 

158 p.m.) to provide heat for natural thermoregulation. The maximum room temperature detected by 

159 dataloggers (RuuviTag Pro, Ruuvi Innovations Ltd) was 25 ± 1° C, while during the night it 

160 gradually dropped to 18 ± 1° C and remained stable thanks to a circulating air-conditioning 

161 system. We opted for these temperature regimes as they represent air temperature conditions of 

162 an average warm day in April in Vila do Conde [25]. Water was checked daily and provided ad-

163 libitum. Lizards were allowed to acclimate in laboratory conditions for at least twenty-three days 

164 before the collection of faeces for FCM analysis. During the acclimation period two mealworms 

165 (Tenebrio molitor larvae) were offered as food every other day. 

166 The individuals of the experimental group were split into two sub-groups, a control sub-

167 group receiving 0 mg/ kg bw (milligrams per kilogram of body weight) and a treatment sub-

168 group receiving 0.5 mg/ kg bw with 32 individuals each. The chemical component used was pure 

169 glyphosate (96% N-(Phosphonomethyl)glycine, Sigma-Aldrich, CAS-No: 1071-83-6). As 

170 dosages are always proportional to the body mass of an animal, we ensured that each group 

171 consisted of individuals with similar body masses. To achieve this, animals were grouped by sex 

172 and were categorized into eight body mass quartiles. Subsequently animals from each quartile 

173 were randomly assigned as control or treatment. This stratified randomization ensured that both 

174 sub-groups consisted of animals of similar body masses. During the experiment body mass was 

175 monitored every seven days (every Friday). 
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176 2.2 Glyphosate treatment

177 Administration of pure glyphosate occurred through the food with the aim of achieving a 

178 “food-chain” contamination. To ensure equivalent feeding of animals within similar body masses 

179 the Tenebrio larvae were split into four groups depending on their weight following Limnios et 

180 al.[21]. Lizards belonging to quartiles 1 and 2 were given larvae of weight that ranged between 

181 [0.04-0.06g), quartiles 3 and 4 got [0.06 - 0.07g), quartiles 5 and 6 got [0.07-0.09g) and quartiles 

182 7 and 8 got [0.09-0.11g]. Each T. molitor larva was measured prior to the injection, to keep track 

183 of the accumulated food consumption for each lizard and was subsequently injected with 5 μl of 

184 nominal solutions (control: 0 mg/ kg bw; treatment: 0.5 mg/ kg bw) and offered to the lizards. 

185 Dosages of 0.5 mg/kg bw are considered as acceptable daily intake (ADI) for mammals [26]. 

186 Since no reference ADI is available for reptiles, we opted for the ADI of mammals as it has been 

187 proven to induce an increase in the metabolism of P. bocagei [21]. One contaminated larva was 

188 offered every second day. The nominal solutions were always prepared the same morning 

189 immediately prior to the injection of the larvae. The Tenebrio larvae were then injected and 

190 offered to the lizards. All individuals accepted the injected larvae almost immediately; thus, no 

191 force-feeding was needed. This ensured accurate pesticide levels and effective dosing of our 

192 animals without inducing any stress due to handling. The exposure phase lasted for 21 days. 

193 Results from our previous studies already highlighted that 21 days are enough to detect the 

194 effects of glyphosate on the metabolism of P. bocagei [21], thus we opted for the same exposure 

195 period.  

196 2.3 Faecal sample collection 

197 The collection of faecal samples lasted from the 7th of April until the 23rd of May 2025. 

198 This time window allowed us to collect a total of 1627 faecal pellets to determine individual 
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199 baseline, during-treatment and post-treatment FCM levels. The baseline phase lasted between 

200 seven and fifteen days. The glyphosate exposure phase lasted 21 days for all individuals. The 

201 post treatment phase lasted between 11 and 19 days. The terraria were checked daily for fresh 

202 faeces every two hours from 09:00 to 17:00 throughout the experiments. We used tweezers 

203 cleaned with alcohol between each collection to avoid cross-contamination, the crystallized uric 

204 acid was immediately removed, and the remaining sample was placed into 2ml Eppendorf tubes. 

205 All samples were then frozen to -20° C immediately after collection in order to avoid further 

206 degradation by intestinal bacteria, as it has been demonstrated that they may affect the structure 

207 and stability of corticosterone metabolites [17]. 

208 2.4 Enzyme immunoassay validation

209 To pharmacologically validate the 37e EIA we followed a similar approach as described 

210 in Bartolomé et al.[14] for the closely related species P. muralis. A mix of corticosterone (Sigma 

211 C2505) and pure sesame oil (3 μg corticosterone / 1 μl oil) was applied to the back of the lizards. 

212 For the preparation of the corticosterone solution, corticosterone was first diluted in absolute 

213 ethanol (7.5 mg of corticosterone in 750 μl of absolute ethanol), vortexed and added to 2.5 ml of 

214 sesame oil [14]. Lastly, this solution was vortexed again and the vial was left open overnight for 

215 the efficient evaporation of ethanol. A drop of 4.5 μl of the corticosterone solution was applied to 

216 the back of the lizards between their shoulder blades with the use of a pipette. The transdermal 

217 administration occurred during the night to avoid further disturbance of the animal, while lower 

218 temperatures allowed for better absorption of the corticosterone by the skin since the evaporation 

219 of the solution is minimized [27]. Corticosterone administration occurred for five consecutive 

220 nights, starting the last day of baseline. We treated four females and three males. One male had 
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221 to be excluded from the final analysis as it died after the first day of corticosterone 

222 administration. 

223 2.5 Faecal corticosterone metabolite (FCM) analysis

224 The analysis of all faecal samples took place at the lab of experimental endocrinology of 

225 the University of Veterinary Medicine of Vienna in November-December 2025 under the 

226 supervision of RP and SMM. For extraction of the glucocorticoid metabolites samples were 

227 defrosted and weighed. Pellets that weighed less than 5 mg or that were very dry were excluded 

228 from the analysis as they can yield erroneously high FCM concentrations [28]. Even though a 

229 minimum of 10 mg is recommended for accurate steroid measurement [29] we explicitly avoided 

230 pooling samples that weighed between 5 to 10 mg to avoid reducing sample size. Thus, all 

231 samples weighing more than 5 mg were processed individually. Subsequently, the faecal samples 

232 were diluted in 60% methanol (at a rate of 1 ml per 50 mg of wet faeces), vortexed for 15 

233 minutes and centrifuged (9000 g; 15 min). Following the centrifugation, the supernatant was 

234 collected and diluted 1 + 9 with assay buffer and stored frozen in microtubes. FCMs were 

235 measured in duplicate by using the 5α-pregnane-3ß,11ß,21-triol-20-one (37e) EIA [30]. Assays 

236 were performed on microtiter plates [30,31]. The sensitivity of the 37e EIA was 2 ng/g. Intra- 

237 and inter-assay CVs were always below 10% and 13% [14]. The faecal pellets of a few animals 

238 that died during the experimental phase were analysed but were excluded from statistical 

239 analysis as their FCM levels were found to be extremely high a few days before they died. This 

240 highlights the effectiveness of FCM analysis on the monitoring of the condition of animals in lab 

241 conditions.

242 2.6 Statistical analysis
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243 To validate the 37e EIA we defined the categorical variable “phase” that consisted of 

244 three levels/subphases (baseline, administration, post-administration). To test the effect of 

245 corticosterone on the FCM levels of the lizards we fitted generalized linear mixed effects models 

246 (“glmer()” function from lme4 package in R; [32] with a Gamma error distribution and a log link 

247 function. FCM levels was the response variable, while phase (categorical with three levels: 

248 baseline, administration, post-administration), sex (categorical with two levels: male, female), 

249 and their interaction were included as predictors. Since each individual was measured repeatedly, 

250 and not all lizards had data for each day, individual ID was included as random factor. We 

251 conducted Tukey’s post-hoc tests for pairwise comparisons between the different subphases 

252 using the function “emmeans()” from the package emmeans [33].

253 To test our hypothesis that glyphosate exposure can increase FCM levels of exposed lizards 

254 we defined the categorical variable “phase” in a similar way as described above which again 

255 consisted of three levels/subphases (baseline, glyphosate-exposure, post-glyphosate-exposure). 

256 Subsequently, we fitted linear mixed effects models (“lmer()” function from lme4 package in R; 

257 [32]. The continuous response variable was FCM levels (log10 transformed), while body mass 

258 (continuous), treatments (categorical factor with two levels; control vs glyphosate treated), sex 

259 (categorical factor with two levels; male vs female) and phase (categorical factor with three 

260 levels; baseline, glyphosate-exposure, post-glyphosate-exposure) were used as predictors. The 

261 initial global model included all interactions between the predictors. Individual ID was included 

262 as random factor in a similar manner as above. 

263 For all modelling processes, we ensured normality of all continuous variables. A 

264 backward stepwise model selection approach was applied selecting the model with the lowest 

265 corrected AIC for low sample sizes (AICc), while likelihood ratio test was performed to 
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266 determine which model provided the best fit (function “lrtest()” from lmtest package; [34]. All 

267 model diagnostics were performed with functions from DHARMa package [35]; Figures S1 & 

268 S2). To examine differences between phases within each group we conducted post-hoc pairwise 

269 comparisons (“pairs()” function from emmeans package in R [33]. Both unadjusted p-values and 

270 p-values adjusted using the Tukey HSD method are presented. We decided to also report 

271 unadjusted p-values as we were mostly interested in the shift between FCM baseline levels and 

272 exposure levels of the glyphosate exposed animals. Effect sizes for pairwise differences were 

273 calculated as Cohen’s d using the model’s residual standard deviation to provide a standardized 

274 measure of the magnitude of change. All statistical analyses were performed under the R 

275 software, version 4.5.0 [36].

276 3. Results 

277 We successfully validated the 37e EIA as it efficiently captured the increase of the FCM 

278 levels after the transdermal administration of corticosterone (Figure 1 & 2). The simplest model 

279 included phase, sex, and random effect of individual IDs as predictors. FCM concentrations were 

280 higher during the administration phase (β = 0.96 ± 0.23, z = 4.26, p < 0.001) and post-

281 administration phase (β = 0.62 ± 0.22, z = 2.85, p = 0.004), while the effect of sex was non-

282 significant (β = 0.61 ± 0.33, z = 1.85, p = 0.064). More specifically, the transdermal 

283 administration of corticosterone resulted in a 2.6-fold increase in FCM levels of treated animals 

284 (Tukey test = 0.96 ± 0.23, z = 4.26, p < 0.001). Post-administration levels were also significantly 

285 higher than baseline (Tukey test = 0.62 ± 0.22, z = 2.85, p = 0.012) even if lower (~1.9-fold 

286 increase) than during administration. No significant difference was detected between 

287 administration and post-administration phases (Tukey test = -0.34 ± 0.28, z = -1.22, p = 0.44).
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288 We tested our hypothesis that glyphosate could alter FCM levels of glyphosate exposed 

289 animals with the selected model including body mass, treatments, sex, phase, all two-way 

290 interactions between treatment and the rest of the predictors, the two-way interaction between 

291 sex and mass, the three-way interaction between treatment, sex and mass, and individual ID as 

292 random factor. Log-transformed FCM levels were significantly different between the two groups 

293 (F1,39.44= 10.42, p = 0.003) and between sexes (F1,39.35= 4.31, p = 0.044), while the effect of body 

294 mass was non-significant (F1,38.77= 3.55, p = 0.067). A significant interaction between treatment 

295 and body mass was detected (F1,38.77 = 11.43, p = 0.002), with FCM levels for glyphosate 

296 exposed animals decreasing with increasing body mass (coefficient level effects; β = -0.415 ± 

297 0.150, t = -2.77, p = 0.009). In contrast, the interaction between treatment and phase was non-

298 significant even if marginally (F2,471.42 = 2.84, p = 0.059) at the term level. However, inspection 

299 of model coefficients indicated that treatment was associated with higher FCM levels during the 

300 exposure phase relative to baseline (β = 0.131 ± 0.057, t = 2.31, p = 0.021), whereas no 

301 difference was detected during the post-exposure phase (β = 0.064 ± 0.062, t = 1.03, p = 0.305; 

302 Figure 3). Similarly, the interaction between treatment and sex (F1,39.35 = 1.04, p = 0.315), the 

303 interaction between sex and mass (F1,38.66 = 2.89, p = 0.097) as well as the three-way interaction 

304 between treatment, sex, and mass (F1,38.66 = 2.62, p = 0.113) were not statistically significant at 

305 the term level. Nevertheless, examination of coefficient-level effects revealed significant 

306 interactions between treatment and mass (β = −0.415 ± 0.150, t = −2.766, p = 0.009), and sex 

307 and mass (β = −0.275 ± 0.123, t = −2.235, p = 0.032), indicating that the relationship between 

308 body mass and FCM levels differed across treatment groups and between sexes. (Figure 4). 

309 Supplementary Tables 1 & 2 present the results of our linear mixed effect model at the term and 

310 coefficient level respectively. 
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311 Pairwise post-hoc comparisons revealed an increase in predicted faecal corticosterone 

312 metabolite levels between baseline and exposure phase (estimate = 0.10 ± 0.04). This 

313 comparison yielded a raw p-value of 0.022, however, following Tukey penalization, the p-value 

314 became 0.057, indicating that with a slightly bigger sample size the increase in predicted FCM 

315 levels would be statistically significant even after Tukey adjustment (Table 1). This is also 

316 supported by the Cohen’s d results which represented a medium effect size (Cohen’s d = 0.41), 

317 with the 95% confidence interval not crossing zero, thus favouring an increase in FCM levels 

318 between baseline and glyphosate exposure phases [0.05, 0.77; Figure 5]. Conversely, the Control 

319 group showed a non-significant decrease trend during the same period (d = -0.13, p = 0.66; Table 

320 3, Figure 5). These patterns suggest that glyphosate exposure may be associated with elevated 

321 FCM levels, though the statistical significance of this specific transition is marginal when 

322 controlling for multiple comparisons.

323

324 4. Discussion

325 Understanding how stressors, like pesticides, affect species in agricultural environments 

326 is key to assess the condition and fate of their populations in those human-modified 

327 environments [37]. Here, we validated for the first time the 37e (5α-pregnane-3ß,11ß,21-triol-20-

328 one) EIA for the lizard P. bocagei, a species common in agricultural fields treated with 

329 pesticides. The transdermal administration of corticosterone yielded significantly higher FCM 

330 levels during and after the corticosterone exposure compared to baseline levels (Figures 1 & 2). 

331 Bartolomé et al.[14] reported similar results for the congeneric species P. muralis. We also 

332 proved that pure glyphosate can moderately alter the FCM levels of lizards when contamination 

333 occurs through food at dosages of 0.5 mg/ kg bw every second day (Figures 3 & 5). Even though 
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334 this dose is considered as ADI for mammals (EFSA, 2023) it was sufficient to alter the FCM 

335 levels of lizards at a non-daily exposure, highlighting the need for the development of reptile-

336 specific TRVs. Moreover, our results suggest that the effect of glyphosate on the FCM levels of 

337 lizards might be mass and sex dependent with the heavier females experiencing the biggest shift 

338 in their FCM levels (Figure 4). 

339 The 37e EIA effectively captured the expected sex-dependent difference on the FCM 

340 levels of the non-exposed animals (Figure 4). The female lizards of the control group exhibited 

341 higher FCM values compared to males of the same group, while both sexes of the control group 

342 showed a positive relationship between FCM levels and body mass. Studies on mammals, mostly 

343 on rats [38], but also on reptiles and amphibians [39] indicate that males and females often 

344 display differences in the magnitude of activation of the HPA axis. When exposed to acute stress 

345 females usually display a more pronounced neuroendocrine response compared to males with 

346 higher levels of corticosterone and adrenocorticotropin hormone [38], although this pattern can 

347 be reversed in reptiles, like in the case of breeding marine turtles [39–41]. However, in our case 

348 the observed differences in FCM levels between males and females of the control group are more 

349 likely to be explained by the functional cross-talk between the HPA axis and the hypothalamic-

350 pituitary-gonadal (HPG) axis [42]. More specifically, the activity of the HPA axis can be 

351 influenced by the levels of gonadal hormones, like oestradiol, during the oestrous cycle [38]. 

352 Considering that our experiments took place from March until May, thus overlapping with the 

353 reproductive season of our focal species [23,43,44], the observed differences in FCM levels 

354 between non-exposed female and male lizards are possibly due to the influence of gonadal 

355 hormones on the activity of the HPA axis. In fact, female lizards undergo steeper hormonal 

356 fluctuations in their reproductive cycles compered to males, hence are more affected by stressors 
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357 towards the end of the breeding season [45,46]. Moreover, larger females of our focal species lay 

358 more eggs, thus the pronounced positive trend between FCM levels and body mass of control 

359 females might be attributed to higher hormonal fluctuations due to the higher reproductive 

360 output. Interestingly, the glyphosate exposed animals presented a completely different pattern in 

361 FCM levels. Both sexes displayed a reversed, negative relationship with body mass, while 

362 females had lower FCM levels compared to males. Thus, glyphosate exposure can have an 

363 influence on the overall FCM profile of lizards for both sexes. This may have demographic 

364 repercussions for the populations of our species as the heavier females responsible for laying a 

365 high amount of eggs are affected the most.

366 Glyphosate significantly increased FCM levels of lizards during the exposure phase 

367 compared to baseline and post-exposure levels. The baseline FCM levels of control and 

368 glyphosate-treated animals significantly differed at the beginning of the experiment. 

369 Nevertheless, inter-individual variability in baseline FCM levels has been previously reported in 

370 lizards [14] and appears to be the norm rather than the exception [47]. Despite the initial baseline 

371 differences, the treated group showed an increase in their FCM levels after exposure to 

372 glyphosate (exposure phase). Notably, after the termination of the exposure to glyphosate their 

373 FCM levels reduced, approaching similar levels to baseline showcasing that the impact of 

374 glyphosate on the FCM levels of lizards might be reversible. On the contrary, the control group 

375 did not show such a tendency, with FCM levels slightly dropping during the exposure phase. No 

376 significant differences could be observed in the FCM levels of control animals between the 

377 different phases, while the small reduction in FCM levels could be due to habituation to the 

378 housing conditions and the experimental procedure [48]. 
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379 The altered FCM levels due to glyphosate exposure cannot be attributed to a single 

380 mechanism. The different ways with which glyphosate can affect the physiology of reptiles, 

381 together with the limitations that derive from assessing corticosterone metabolite levels from 

382 faecal samples lead to two potential mechanisms for interpreting our results. The first mechanism 

383 is the activation of the HPA axis after exposure to glyphosate which could result in elevated 

384 FCM levels during the exposure phase, while also alter the sex-dependent relationship between 

385 FCM levels and mass. Previous studies have highlighted the potential of GBH or other pesticides 

386 as triggers of the HPA axis [7–9], as those chemicals increased blood corticosterone levels 

387 compared to baseline. Even if those studies did not find significant effects of pure glyphosate on 

388 blood corticosterone levels here we demonstrated that pure glyphosate at a dosage of 0.5 mg/ kg 

389 bw (ADI for mammals; [26] is sufficient to increase FCM levels of lizards at a non-daily 

390 exposure scenario. The activation of the HPA axis eventually leads to the secretion of 

391 glucocorticoids which result in the mobilization of energy reserves to overcome a stressful 

392 situation [49]. We have previously demonstrated that the exact same exposure scenario to pure 

393 glyphosate can elevate the maintenance metabolism of our focal species [21], supporting that 

394 glyphosate can possibly trigger the activation of HPA axis. This highlights the effectiveness of 

395 FCM analysis as a proxy for capturing the chronic impact of glyphosate on lizards, which can 

396 reasonably be extended to other animal species. 

397 The second mechanism we propose derives from the potential effects of glyphosate on 

398 the metabolism of glucocorticoids, by affecting the liver or the gut microbiome of reptiles. 

399 Glyphosate can impact the liver [50] and also alter the gut microbiome composition of non-target 

400 species like the cases of the green sea turtle Chelonia mydas or the snail Pomacea canaliculata 

401 [22,51]. These alterations in the liver and gut microbiome might eventually interfere with the 
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402 metabolism of glucocorticoids which naturally happens in the liver and in the gut [10]. Thus, the 

403 observed differences in FCM levels found here could also be the result of altered liver 

404 functioning and/ or gut microbiome composition induced by glyphosate exposure. It was not in 

405 the scope of this study to assess the impacts of glyphosate on the liver or gut microbiome of P. 

406 bocagei lizards. However, we encourage further research on the gut microbiome of lizards as it 

407 may serve as a potential biomarker [52,53] and help elucidate the mechanisms underlying the 

408 observed differences in the FCM levels of glyphosate exposed animals. Lastly, we cannot 

409 exclude the possibility of simultaneous action of both mechanisms, since glyphosate-induced 

410 alterations on the gut microbiome can lead to the activation of the HPA axis through the 

411 overexpression of pro-inflammatory cytokines and the elimination of microbial taxa involved in 

412 reducing oxidative stress [1].

413 Collectively, our findings indicate that exposure to glyphosate at dosages considered as 

414 acceptable for mammals can alter the FCM profile of lizards even at a non-daily scenario. An 

415 increase in FCM levels was observed only during the exposure phase, the natural FCM 

416 differences between sexes were weakened, while the glyphosate-exposed group displayed a 

417 reversed relationship between FCM levels and body mass. In contrast to previous studies, which 

418 failed to find an influence of pure glyphosate on the glucocorticoid profile of other species 

419 assessed from blood samples [7,9], here we demonstrated how the non-invasive FCM analysis 

420 can serve as a valuable tool to uncover the potential chronic impacts of pure glyphosate on 

421 lizards. Certainly, this technique did not allow disentangling if glyphosate-induced differences at 

422 the FCM levels stem from the activation of the HPA axis, or changes of the metabolism of 

423 glucocorticoids caused by effects on the liver or gut microbiome, or both. Considering the 

424 current knowledge gap that our study addressed, future research could tackle our limitations and 
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425 explore if pure glyphosate can alter the gut microbiome of lizards. For the moment,  the results 

426 of this study, together with our previous findings on the effects of glyphosate on the metabolism 

427 of P. bocagei [21], already suggest that pure glyphosate may impact the energy mobilization and 

428 management of lizards, especially in the heaviest female individuals. This higher energy demand 

429 for overcoming the stress derived from glyphosate exposure may undermine maintenance, 

430 growth and reproduction, as energy is possibly devoted to detoxification. Nevertheless, as we did 

431 not directly measure such effects, we wish to restrain ourselves from making overspeculations. 

432 The existing literature already highlights that glyphosate or GBH have the potential to alter a 

433 wide range of aspects of the physiology of reptiles [19–22]. Undoubtedly, the outcomes of this 

434 study compliment the existing evidence on the effects of glyphosate on lizards and greatly 

435 support the need for reptile-specific TRVs [54] and their consideration in EFSA's risk assessment 

436 for glyphosate. They also underline the power of FCM analysis as an effective tool to capture the 

437 chronic impacts of glyphosate or other pesticides in animal species.
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643 Table 1. Pairwise post-hoc comparisons between baseline, exposure and post-exposure 

644 phase for control and glyphosate treated animals. Both unadjusted p-values (raw) and p-

645 values adjusted using the Tukey HSD method are presented.

Estimates SE df t-ratio
p-value 
(raw)

p-value 
(Tukey)

Control

exposure - baseline -0.032 0.037 472.827 -0.860 0.390 0.666

post - baseline -0.003 0.041 473.400 -0.074 0.941 0.997

post - exposure 0.029 0.034 469.511 0.841 0.401 0.678

Glyphosate Treated

exposure - baseline 0.100 0.044 476.148 2.297 0.022 0.057

post - baseline 0.061 0.047 478.766 1.288 0.198 0.403

post - exposure -0.039 0.038 468.988 -1.041 0.298 0.551
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