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Abstract 20 

The stress response supports survival through energy mobilization. Paradoxically, a low blood 21 

glucose level dampens the endocrine stress response, and sugar consumption prior to stress 22 

restores it. Thus, energy availability may play a causal role in the endocrine stress response. 23 

Yet, it has never been tested whether sweet taste or expectations towards a drink content 24 

modulate the stress response. 25 

We investigated the potential role of sweetness, energy load and expectations towards energy 26 

load of a drink consumed prior to stress in restoring stress reactivity after fasting. N=152 27 

women (meanage=21.53, sdage=2.61) participated in the Trier Social Stress Test for groups in the 28 

morning after an overnight fast. Prior to stress induction, participants consumed a drink 29 

containing saccharose (sugar, n=51), an equally sweet drink containing non-caloric sweetener 30 

(sweetener, n=46), or water (n=56). Additionally, participants in the sugar and sweetener group 31 

(n=97) were informed whether or not their drink contained any calories (energy prime), which 32 

was deceptive in 50% of the cases. Eight salivary cortisol (-30, -20, -10, 0, +12, +25, +35, 33 

+45min) and three blood glucose samples (-30, 0, +25min) were assessed throughout the 34 

experiment. The effects of the experimental manipulations on cortisol trajectories were tested 35 

using multilevel mixed models.  36 

We found that compared with water, sugar and sweetener both significantly increased cortisol 37 

stress reactivity and with comparable intensity. However, our sensitivity analysis revealed a 38 

significant effect of sugar on cortisol trajectories compared to water and to sweetener. Drink-39 

induced changes in blood glucose concentration were not associated with increases in cortisol. 40 

The energy prime did not affect the stress response.  41 

Overall, we could replicate the boosting effect of sugar consumption in a female sample after 8h 42 

of fasting. The specific contribution of sweet taste and metabolic hormones to this boosting 43 

effect should be tested more rigorously in sex-balanced designs in the future.  44 
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1. Introduction 47 

Exposure to acute stress triggers psychophysiological processes involving the activation of 48 

central limbic structures, the autonomic nervous system (ANS), and the hypothalamic-pituitary 49 

adrenal (HPA) axis (Hermans et al., 2014; Pruessner et al., 2008; Ulrich-Lai and Herman, 50 

2009). These processes support survival by triggering adrenaline and cortisol release, which 51 

mobilize glucose from body storages. As a consequence, blood glucose levels rise 52 

(hyperglycemia) facilitating energy availability in the periphery and the brain. This tight link 53 

between the HPA axis and glucose metabolism is illustrated by the nomenclature of the HPA 54 

axis’ major compound class: glucocorticoids (McEwen and Akil, 2020). 55 

Paradoxically, the endocrine stress response seems to depend on energy availability. This was 56 

proposed by a study that showed that men with low blood glucose levels after an 8h overnight 57 

fast showed no cortisol response to acute stress (Kirschbaum et al., 1997). While glucose 58 

consumption prior to stress restored the cortisol response, glucose consumption by itself, in 59 

absence of stress, was not sufficient to trigger a cortisol increase (although there is mention of a 60 

cortisol lunch peak, suggesting that glucose intake can activate the HPA axis (Quigley and Yen, 61 

1979)). In this small, yet well-controlled study (Kirschbaum et al., 1997), the restoring effect of 62 

glucose was attributed to the blood glucose rise (in the following referred to as energy load). A 63 

follow-up study supported the energy load hypothesis by showing that neither fat, nor complex 64 

carbohydrate, nor protein consumption prior to stress had similar effects (Gonzalez-Bono et al., 65 

2002). In sum, a sugar-induced rise in blood glucose levels seems to increase the cortisol stress 66 

response after long fasting intervals in men. 67 

These earlier studies (Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997) focused on 68 

metabolic characteristics of glucose; other possible aspects of glucose load were neither 69 

examined, nor controlled for. Besides its caloric content, the prominent sweet taste is one 70 

distinct feature of glucose. It is perceived whenever compounds such as caloric sweeteners 71 

(sugar, e.g. glucose, saccharose), or non-caloric sweeteners (e.g. aspartame, stevia) activate type 72 

1 taste receptors (T1R2/T1R3) in the oral cavity (Behrens and Meyerhof, 2019; Lee and 73 
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Owyang, 2017; Meyers and Brewer, 2008). Although T1R2/T1R3 activation at sites outside of 74 

the mouth is not accompanied by sensation of sweet taste, it is nevertheless related to 75 

physiological changes (Tucker and Tan, 2017). For example, in the gastrointestinal tract, 76 

T1R2/T1R3 play a major role in the sensation of nutrients, and thus in the regulation of food 77 

intake and glucose homeostasis (Lee and Owyang, 2017). Interestingly, endocrine signals, e.g., 78 

circulating hormones such as adrenaline,  can modulate taste perception (Foster et al., 2014). In 79 

turn, it seems plausible that T1R2/T1R3 activation could indirectly modulate endocrine stress 80 

responses, e.g. by stimulating mesolimbic, reward related pathways (Ulrich-Lai and Ryan, 81 

2014). Moreover, the effects of glucose and sweetener load on behavior and physiological 82 

responses have been investigated in other fields of neuroscience, e.g., in studies on cognitive 83 

control (Dang, 2016; Vadillo et al., 2016) or ostracism (e.g. Miller et al., 2014). There, the role 84 

of energy load as a buffer against ego depletion or ostracism was questioned, yet effects of 85 

sweetness on motivation have been discussed in a similar fashion (Dang, 2016). If sweet drinks, 86 

regardless of their caloric content, can modulate stress responses after long fasting intervals, this 87 

would question the energy load hypothesis, and a linear relationship between blood glucose 88 

levels and cortisol stress responses. 89 

First evidence supporting this notion stems from two studies investigating the effect of 90 

sweetener load on the cortisol stress response after short fasting periods of 3-4h (von Dawans et 91 

al., 2020; Zänkert et al., 2020). A study in men and women compared the effect of glucose, 92 

grape juice (frequently used in research investigating the acute stress response due to it having 93 

the highest sugar content among natural fruit juices, Zänkert et al., 2020), and maltodextrin (a 94 

polysaccharide which has a similar caloric load, but is perceived far less sweet as compared 95 

with glucose) prior to stress to a control group, which did not receive any drink, after 3h of 96 

fasting (Zänkert et al., 2020). Although blood glucose levels were not measured objectively, 97 

results indicated that sweet drinks with differing caloric load (32g of sugar in the grape juice, 98 

75g in the glucose condition) led to comparable increases in cortisol stress responses in 99 

comparison to the control group. Interestingly, cortisol stress trajectories of the group 100 

consuming maltodextrin (75g) lay between the control group (from which it did not differ 101 
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significantly), and the glucose and grape juice groups. These results imply that energy load is 102 

not the sole factor driving the restoration of the cortisol stress response after short fasting 103 

intervals. In line with this finding, in a study in which male subjects drank either sugar, 104 

sweetener, or water before stress after 4h of fasting (von Dawans et al., 2020) there was no 105 

linear relationship between blood glucose and cortisol stress responses. Again, this speaks 106 

against the earlier proposed energy load hypothesis (Gonzalez-Bono et al., 2002; Kirschbaum et 107 

al., 1997). Here, it is noteworthy that only sugar, but not sweetener increased cortisol levels in 108 

comparison to the water control group (von Dawans et al., 2020). Since the fasting period was 109 

rather short in these studies (von Dawans et al., 2020; Zänkert et al., 2020), it is at this point 110 

unclear, whether the taste-related or the metabolic property of glucose, or a combination of the 111 

two, or any other factor related to glucose uptake caused the restoring effect of glucose on 112 

cortisol stress reactivity after long fasting periods of at least 8h (Gonzalez-Bono et al., 2002; 113 

Kirschbaum et al., 1997). Further, the association has never been studied in female participants 114 

who fasted for longer than 4h.  115 

Besides the energy load and the sweet taste perception provided by glucose uptake, there are 116 

several other factors that could explain the restoring effect of glucose on the cortisol stress 117 

response after fasting. In a natural environment, we try to infer the drink’s content prior to 118 

consumption e.g., based on its color, or verbal descriptions, both of which have been shown to 119 

affect subsequent taste ratings (Verhagen and Engelen, 2006; Wansink et al., 2006). Such cues 120 

could lead to implicit or explicit expectations towards drink content, which in turn may trigger 121 

various anticipatory responses. The verbal information of whether a drink is caloric vs. non-122 

caloric independent of its actual energy load (in the following referred to as energy prime) 123 

might therefore influence physiological responses, for example, by influencing brain circuits 124 

regulating energy homeostasis (Veldhuizen et al., 2013). Taken together, there are several 125 

different factors that could explain why glucose intake prior to stress enhances the cortisol stress 126 

response after long fasting intervals.  127 

Aim of this study was to test three plausible mechanisms: First, we wanted to test whether 128 

energy load affects the cortisol stress response after long fasting periods, as had been suggested 129 
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by prior studies (Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997). Second, we wanted to 130 

investigate the effect of sweet taste independent of caloric load. Third, we were interested in 131 

whether an energy prime would affect the cortisol stress response after long fasting periods. To 132 

this end, we conducted the following experiment as part of a larger research project: In the 133 

morning after an overnight fast, participants received written information on whether they 134 

would consume a drink containing calories vs. no calories (energy prime) which was deceptive 135 

in 50% of the cases. Independent of the information presented, a sugar-sweetened, caloric drink 136 

or a drink containing non-caloric sweetener was consumed (energy load). A control group drank 137 

plain water and received neither energy prime nor energy load. After that, participants were 138 

exposed to a modified version of the Trier Social Stress Test for groups (von Dawans et al., 139 

2011), a well-established and standardized paradigm to induce psychosocial stress in a group 140 

setting. Physiological and subjective stress measures were assessed at eight, and blood glucose 141 

levels were assessed at three predefined timepoints.  142 

Prior to the statistical analysis of the data, we preregistered our statistical analysis plan on the 143 

Open Science Framework platform (see https://osf.io/pfxe8/; date of registration: January 30, 144 

2020): We set out to test the differences between (a) groups consuming sweet drinks vs. water 145 

(effect of sweetness), (b) groups consuming sugar vs. non-caloric drinks (effect of energy load), 146 

and (c) groups receiving the information that the drink contains calories vs. no calories (effect of 147 

energy prime). Further, we planned to explore the combined effect of sweetness, energy load of 148 

drinks, and energy prime in an interaction model. These hypotheses were formulated in a non-149 

directional manner, since the studies on effects of glucose and sweetener administration on the 150 

cortisol stress response after short fasting periods (von Dawans et al., 2020; Zänkert et al., 2020) 151 

were not published at the time of registration. Taking the results of recent studies (von Dawans 152 

et al., 2020; Zänkert et al., 2020) into account, we would have expected that sugar load prior to 153 

stress increases the cortisol stress response after long fasting periods compared to water or 154 

sweetener load.  155 

Lastly, although not preregistered, we decided to test the relationship between blood glucose 156 

levels and cortisol stress reactivity. While some studies found a positive relationship between 157 
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the two (Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997), others found evidence that 158 

speaks against the proposed energy load hypothesis (von Dawans et al., 2020; Zänkert et al., 159 

2020). 160 

2. Materials and Methods 161 

To answer our research questions, we combined data of two experiments collected within a 162 

larger research project in which we investigated metabolic aspects of the endocrine stress 163 

system. The project was approved by the Ethics Committee of the University of Constance and 164 

was carried out in accordance with the Declaration of Helsinki. The two experiments were equal 165 

in their temporal and procedural sequence, and in the key psychometric and physiological 166 

markers. A complete list of variables that were assessed during both experiments can be 167 

obtained from the Open Science Framework project associated with this work 168 

(https://osf.io/5vzwu/). In the first wave experiment (n=122), participants with varying degrees 169 

of perceived maternal care during childhood were quasi-randomly assigned to consume either 170 

grape juice or water before psychosocial stress exposure (Bentele et al., 2021). For results on 171 

the grape juice group, please see (Bentele et al., 2021). In the second wave experiment (n=105), 172 

fasted participants received an energy prime (either “The drink you consume is caloric and 173 

contains energy” indicated by ‘+’, or “The drink you consume is non-caloric and does not 174 

contain energy” indicated by ‘-’) and consumed a sweet drink containing either sugar or a non-175 

caloric sweetener before psychosocial stress exposure, resulting in a 2x2 design. Thus, 176 

participants of the second wave were randomly assigned to one of four experimental conditions: 177 

sugar+, sugar-, sweetener+, sweetener-. For further information on the blinding procedure, see 178 

supplemental information, S1. For financial and human resource reasons, the water group of 179 

experiment 1 constituted the convenience control group in the current analysis, since procedures 180 

were identical. 181 
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2.1. Participants, Procedure and Sample Size 182 

Recruitment for both experiments took place in two waves via flyers and online advertisements 183 

at the University of Constance between June 2017 and February 2019 (first wave, experiment 1) 184 

and between February 2019 until December 2019 (second wave, experiment 2). We had 185 

originally planned to implement a sex-balanced design in the project. Yet, due to a very small 186 

number of recruited male participants after six months of testing in the first wave (despite of 187 

extensive advertisement), we had to drop the recruitment of males and decided to focus on 188 

female participants. In addition, there is still a lack of research on this topic including female 189 

participants. In each wave, an online screening took place for the following exclusion criteria: 190 

(1) age<18, or>35 years, (2) current pregnancy, (3) symptoms of moderate to severe depression 191 

(indicated by Beck’s Depression Inventory II sum score<19) (Kühner et al., 2007), (4) being 192 

underweight or obese (indicated by a body mass index<17.5, or>30), (5) smoking>5 cigarettes 193 

per day, (6) working night-shifts, (7) current drug or medication intake affecting the 194 

autonomous, endocrine or central nervous system (e.g. antihistamines), (8) lack of German 195 

language skills. Furthermore, participants with sugar or sweetener intolerance or allergy, or 196 

participants deliberately avoiding sugar in their diet were excluded during the recruitment of the 197 

second wave.  198 

Eligible participants were invited to a 90min laboratory session in groups of up to four. Prior to 199 

the experimental session, participants were asked to fast for at least 8h, and refrain from 200 

smoking 1h prior to testing. To make fasting easier for the participants, we invited them to the 201 

laboratory in the morning, at 0800h or 1000h. First, they gave written informed consent and 202 

provided demographic data (10min). Participants then received an energy prime and consumed 203 

a sweet drink, while the control group received no prime and drank water. Participants were 204 

then exposed to the TSST-G (35min). In the following recovery period (30min), participants 205 

completed questionnaires. Throughout the experiment, participants provided eight saliva 206 

samples and subjective stress ratings at -30, -20, -10, 0, +12, +25, +35, +45min in respect to the 207 

start of the TSST-G. Further, we measured blood glucose levels at three timepoints, at -30, 0 208 
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and +25min. At the end, participants were thanked, debriefed, and compensated (€25). The full 209 

study procedure is depicted in Figure 1.  210 

The sample size determination for both projects was based on feasibility considerations 211 

regarding financial and personnel resources. Prior to conducting the second wave assessment, 212 

we decided to assess a total of n=100 participants, with n=25 participants in each experimental 213 

condition (sugar+, sugar-, sweetener+, sweetener-) which is comparable to the sample size of a 214 

recent study in this context (von Dawans et al., 2020). To account for dropouts and potential 215 

exclusions, we tested n=105 participants in this second wave.  216 

By adding the additional water group (n=61), data of N=166 women of the two waves were 217 

considered for this analysis. From this sample, n=4 were excluded due to increased fasting 218 

blood glucose levels (>110mg/dl), n=9 were excluded due to non-compliance to the instruction 219 

(e.g., reported to be in a non-fasted state), or due to exposure to the TSST within the past six 220 

weeks, and n=1 was excluded due to insufficient amount of saliva provided in the samples.  221 

2.2. Experimental manipulation 222 

2.2.1. Energy prime and consumed drinks 223 

Energy prime. After obtaining two cortisol and subjective stress baseline measurements (-30 224 

and -20min), participants consuming sugar or sweetener either received the written information 225 

“The drink you consume is caloric and contains energy” (indicated by ‘+’), or “The drink you 226 

consume is non-caloric and does not contain energy” (indicated by ‘-’). The presented 227 

information did not depend on the actual energy load of the drink (see below). Thus, roughly 228 

50% of participants were deceived (they received the information that they would consume a 229 

non-caloric drink although the drink contained calories, and vice versa), while 50% of the 230 

information matched the actual drink content. The information was blinded for experimenters; 231 

participants were asked not to disclose it to others. The water group did not receive an energy 232 

prime. 233 

Drinks. Participants consumed a drink containing either 25g of saccharose (sugar), or 25g of 234 

non-caloric sweetener (sweetener), dissolved in water. The non-caloric sweetener we used was 235 
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‘borchers bff Stevia Kristall’ (mix of erythrite E968 and stevioglycoside E960), which replaces 236 

the sweetness of saccharose in a 1:1-ratio. This allowed us to blind experimenters and 237 

participants to drink content. Erroneously, either 200 or 400ml of water were used to dissolve 238 

the crystals; volumes were noted on the testing protocol and its effect was tested in the course of 239 

the statistical analysis (Table 1 lists the number of 200 and 400ml water doses used per 240 

experimental group). The control group received non-sparkling, mineral water (400ml). All 241 

drinks were consumed at room temperature. 242 

2.2.2. Stress induction 243 

The Trier Social Stress Test for groups (TSST-G) (von Dawans et al., 2011) was applied as an 244 

economic, standardized laboratory procedure that reliably induces acute psychosocial stress in a 245 

group of six people. It combines high levels of uncontrollability and social-evaluative threat 246 

(Dickerson and Kemeny, 2004). The TSST-G consists of a preparation period (10min) and a 247 

fictive, videotaped job interview in which participants perform a free speech (2min for each 248 

participant, 12min overall) and an arithmetic task (80sec for each participant, 8min overall) in 249 

front of a two-member, mixed-sex committee wearing white laboratory coats. During the free 250 

speech and the arithmetic task, the committee calls participants in random order. For feasibility 251 

reasons, we modified the temporal sequence of the TSST-G (preparation period: 5min; free 252 

speech task: 3min for each participant, 12min overall; arithmetic task: 3min for each participant, 253 

12 minutes overall), which resulted in a slightly longer arithmetic problem solving period for 254 

each participant in our protocol compared with the original protocol. In case of individual 255 

cancellations, the overall duration was divided equally between participants. If only two 256 

participants were present, individual speaking time in each task was set to 5min for each 257 

participant, which is comparable to the original TSST protocol for a single participant 258 

(Kirschbaum et al., 1993), with 1min breaks between speakers. We did not change other parts of 259 

the procedure. Using this modified version of the TSST-G, our group had previously induced 260 

robust cortisol stress responses (Meier et al., 2021; Popovic et al., 2020). 261 
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2.3. Measures 262 

2.3.1. Biomarker assessment 263 

Cortisol. Saliva samples for free cortisol (nmol/l) analysis were collected at eight prescheduled 264 

timepoints (see Figure 1) using Salivettes (Sarstedt, Nümbrecht, Germany) (Gröschl et al., 265 

2008). Samples were stored at -20°C until biochemical analysis which took place within half a 266 

year after collection of the samples. Average storage duration across both waves was 42 days, 267 

with a range of 0-105 days. A statistical comparison of storage duration showed that it was 268 

significantly shorter than the recommended 6 months (or 183 days) across all study groups (all 269 

p<.001 in t-tests comparing mean storage time per group to 183 days).  270 

Samples of the first wave were analyzed at the biochemical laboratory of the University of Trier 271 

using a fluorescence immunoassay with proven reliability and validity (Dressendörfer et al., 272 

1992) (lower detection limit: 0.43nM, inter-assay coefficient of variation (CV) below 9.0% and 273 

intra-assay CV below 6.7% according to manufacturer). Thawed samples were centrifuged at 274 

3,000rpm for 6min. Samples of the second wave were analyzed in the biochemical laboratory of 275 

the Department of Neuropsychology of the University of Constance using a commercially 276 

available competitive enzyme immunosorbent assay (Cortisol Saliva ELISA, RE-52611, IBL 277 

International GmbH, Hamburg, Germany; lower detection limit: 0.030 μg/dL, inter-assay CV 278 

below 9.3% and intra-assay CV below 7.3% according to manufacturer). Thawed samples were 279 

centrifuged at 2,500g for 10min. No values below the lower, or over the upper detection limit 280 

were observed.  281 

Blood Glucose. Blood glucose concentrations (mg/dl) were measured at three scheduled 282 

timepoints (see Figure 1) in capillary blood of the fingertip using disposable lancets (Roche 283 

Diabetes Care, Mannheim, Germany) and glucometer (A. Menarini diagnostics, Berlin, 284 

Germany).  285 

2.3.2. Self-report measures 286 

Subjective stress. Subjective stress was assessed along the dimensions pleasure and arousal 287 

using the Affect Grid (Russell et al., 1989). The Affect Grid assesses pleasure and arousal on a 288 
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single item scale; the scores on each dimension range from 1 (low arousal, and low pleasure 289 

resp.) to 9 (high arousal, and high pleasure resp.). Arousal and (inverted) pleasure scores were 290 

multiplied to receive a single-item score, with higher scores indicating higher levels of 291 

subjective stress (range 1-81). 292 

Potential covariates. We used the Beck’s Depression Inventory II to measure depressiveness 293 

(Kühner et al., 2007) and the Childhood Trauma Questionnaire (Bernstein et al., 2003) to 294 

estimate the overall exposure to childhood trauma. For both scales, we computed a total sum 295 

score, which were tested as potential covariates in the subsequent statistical analysis. 296 

Further, self-reported information on the last menstrual cycle, usual menstrual cycle duration 297 

and oral contraceptive use was assessed to estimate women’s hormonal status using a formula 298 

described previously (Benz et al., 2019). 299 

Energy prime manipulation check. At the end of the experiment, participants consuming 300 

sweet drinks were asked to rate whether they thought the drink they consumed contained more 301 

or less sugar compared to the same amount of Coke® (which contains approximately 10g sugar 302 

per 100ml; answer format: 5-point Likert scale ranging from 1=”My drink contained 303 

considerably less sugar compared to Coke®.” to 5=”My drink contained considerably more 304 

sugar compared to Coke®.”). Further, they reported what they thought they had consumed 305 

(sweetener, sugar, or water). 306 

A complete list of variables that were assessed during the project but were not included within 307 

the presented statistical analysis can be found on the Open Science Framework project 308 

associated with this work (https://osf.io/qmcgz/).  309 

2.4. Data processing 310 

First, raw cortisol values were investigated for plausibility. Since cortisol responsiveness has 311 

been shown to be reduced after fasting intervals of 8-11h (Kirschbaum et al., 1997), as a result 312 

of which blood glucose levels usually range between 70 and 110 dg/ml (American Diabetes 313 

Association, 2001), we considered an increase criterion for cortisol non-responder detection 314 

(Miller et al., 2013a) was inadequate. Instead, individual cortisol trajectories were screened 315 
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visually for plausibility and non-responsiveness due to very high initial cortisol concentration 316 

(>20nmol/l of sample -30 and -20min, both taken prior to the experimental manipulations). 317 

Such high concentrations were potentially caused by an ongoing cortisol awakening response 318 

(Miller et al., 2016). Subsequent analyses were conducted both including and excluding non-319 

responders (n=20). 320 

Second, since absolute values determined by different immunoassays are not readily 321 

comparable, raw cortisol values were converted into cortisol factor scores for statistical analyses 322 

(Miller et al., 2013b), an approach that has already been successfully applied in other studies 323 

(e.g. Miller et al., 2016; Reyes et al., 2015). 324 

Third, cortisol, blood glucose, and subjective stress values were winsorized across experimental 325 

groups, so that values that exceeded the mean of the experimental group by more than 3SDs 326 

were replaced with 3SD to decrease the impact of statistical outliers (cortisol: 2.14% of 327 

datapoints>3SD; blood glucose: 0.44% of datapoints>3SD; subjective stress: 0.82% of 328 

datapoints>3SD).  329 

Fourth, cortisol, blood glucose, and subjective stress values were screened for missing values. 330 

Missing data at the first or last assessment were replaced by the mean of the respective 331 

experimental group at that timepoint (cortisol: 0%; blood glucose: 0%; subjective stress: 332 

0.08%). Missing values at other timepoints were imputed linearly by inserting the mean of the 333 

individual’s value prior to the missing value and the individual’s value after the missing value 334 

(cortisol: 0.08%; blood glucose: 0.22%; subjective stress: 0.16% missing values). 335 

After that, cortisol baseline and subjective stress baseline were calculated by averaging the first 336 

two measurements. Cortisol stress reactivity was operationalized using the area under the 337 

cortisol curve with respect to increase (AUCicort) (Pruessner et al., 2003) from stressor onset 338 

(0min) to end of recovery (45min) and calculated using the winsorized cortisol factor scores. 339 

Blood glucose increase in response to the drink was operationalized by subtracting the second 340 

blood glucose value from the fasting level. Subjective stress increase in response to the stressor 341 

was operationalized by subtracting the subjective stress baseline from the measurement after 342 
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cessation of the stressor (+25min). Last, to enhance interpretability of the statistical models, 343 

cortisol factor scores were z-transformed. 344 

2.5. Statistical analysis 345 

Analyses were conducted using R version 3.5.3 (R Core Team, 2019), RStudio version 1.1.463 346 

(RStudio Team, 2016), and nlme (Pinheiro et al., 2018). Graphs were created using ggplot2 347 

(Wickham, 2016) and patchwork (Pedersen, 2019). The level of significance was set to a =.05. 348 

Parts of this analysis were preregistered at the Open Science Framework (https://osf.io/pfxe8/), 349 

however, we have in some parts deviated from this preregistration. The main preregistered 350 

analysis included the outcome variables cortisol, alpha amylase, high-frequency heart rate 351 

variability, and subjective pleasure and arousal. Due to the closure of our biochemical 352 

laboratories during the corona pandemic, salivary alpha amylase has not been analyzed yet and 353 

is thus not included in this work. Furthermore, since we were focusing on the effect of 354 

sweetness, we decided to not include HF-HRV, as these data are not available for the water 355 

group. Thus, in the presented analysis, we included the variables cortisol, and subjective 356 

pleasure and arousal (which was summarized to subjective stress). Originally, we had 357 

preregistered that we expected significant group differences in terms of subjective mood 358 

measures (pleasure and arousal) dependent on the different experimental manipulations. Given 359 

the complexity of the current set of findings as it stands, we decided to not conduct the 360 

subjective mood effects analyses. 361 

In a first step, we examined the influence of potential person-related covariates that might have 362 

influenced the main outcomes of our study. One-way Analysis of Variances (ANOVAs) with 363 

experimental condition (five levels: sugar+, sugar-, sweetener+, sweetener-, and water) as 364 

independent variable and age, body mass index (BMI), depressiveness (Beck’s Depression 365 

Inventory II sum score), childhood trauma (Childhood Trauma Questionnaire sum score), 366 

cortisol baseline, and fasting blood glucose as dependent variables were used to detect potential 367 

covariates associated with experimental condition. Pearson’s Chi-squared test was used to test 368 

whether hormonal status (follicular/luteal/oral contraceptive use), session start (0800h /1000h), 369 
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and drink volume (200ml/400ml) were equally distributed across experimental conditions. 370 

Variables that were not equally distributed across the groups were considered as potential 371 

covariates and their effect was evaluated in subsequent analyses. 372 

In a second step, we tested the influence of design-related factors on cortisol concentration at 373 

baseline and on cortisol reactivity. A Welch two-sample t-test was used to test the effect of 374 

session start on cortisol baseline. Using an Analysis of Covariance (ANCOVA), we tested 375 

whether session start had an influence on cortisol stress reactivity while controlling for the 376 

influence of experimental condition. Using the same approach, we tested whether cortisol 377 

baseline affected cortisol stress reactivity. In two ANCOVAs, we tested whether drink volume 378 

(200ml and 400ml) and hormonal status (follicular/luteal/oral contraceptive use) influenced 379 

cortisol stress reactivity, while controlling for the influence of experimental condition. To 380 

indirectly get a sense of whether the different volumes affected taste perception, we further 381 

tested whether drink volume and drink content (sugar or sweetener), or an interaction of both 382 

variables affected participant’s rating of the drink’s estimated amount of sugar as compared to 383 

Coke® using a multiple regression model.  384 

In a third step, we ran two manipulation checks: Two ANOVAs were used to test whether 385 

experimental condition had an influence on blood glucose increase in response to the drink 386 

consumption, and on subjective stress increase in response to the stressor. 387 

In a fourth step, we tested our hypothesis following the models we preregistered at the Open 388 

Science Framework (https://osf.io/pfxe8/): We modeled multiple growth curves to test whether 389 

(A) sweetness (dummy variable: sugar+=1, sugar-=1, sweetener+=1, sweetener-=1, and 390 

water=0), (B) energy load (dummy variable: sugar+=1, sugar-=1, sweetener+=0, sweetener-391 

=0, and water=0), and (C) energy prime (dummy variable: sugar+=1, sugar-=0, 392 

sweetener+=1, sweetener-=0; water was dropped since no prime was applied) influenced 393 

cortisol trajectories, while accounting for interindividual variability in cortisol responses 394 

(random effects). The models were built hierarchically: fixed intercept model (cortisol predicted 395 

by intercept), random intercepts across individuals, fixed slopes across time, random slopes 396 

across time, and a linear, quadratic, and cubic trend of time as orthogonal predictors (time, 397 
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time2, and time3 model). Then, the interaction of time trend and the respective independent 398 

variable was included. Resulting changes in overall model fit by means of log-likelihood ratio 399 

were compared using an ANOVA and the final model was evaluated. Lastly, we planned to 400 

model a growth curve including all three independent variables (sweetness, energy load, and 401 

energy prime) to evaluate their combined effect on cortisol trajectories. Since energy prime did 402 

not significantly change cortisol trajectories, we subsequently did not include it in the 403 

interaction model to enhance model parsimony. Due to model convergence issues when 404 

sweetness and energy load were entered as separate dummy variables, we used the variable 405 

drink (numeric variable with three levels: sugar=2, sweetener=1, water=0) to evaluate the 406 

hypothesis. 407 

In a last step, we computed Pearson’s correlation coefficients of blood glucose increase, second 408 

blood glucose sample, third blood glucose sample and cortisol stress reactivity to explore the 409 

relationship between those measures analogously to the computational approach of previous 410 

studies (Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997). This analysis was not 411 

preregistered. 412 

To test the robustness of the observed effects, we ran a sensitivity analysis in a subset of the 413 

sample by excluding cortisol non-responders and participants tested at 0800h. 414 

3. Results 415 

3.1. Preliminary analyses 416 

The final sample consisted of N=152 healthy women (meanage=21.53, sdage=2.61) from the 417 

experimental conditions sugar+ (n=24), sugar- (n=28), sweetener+ (n=25), sweetener- (n=21), 418 

and water (n=54). Descriptive statistics of the groups are summarized in Table 1.  419 

From overall n=98 participants receiving an energy prime, 87% (n=84 of 97; n=1 did not 420 

answer that question) believed the information. Further, 83% of the deceived participants 421 

(groups sugar-, sweetener+; n=44 of 53) believed the information. More information can be 422 

found in the supplemental information, S2. 423 
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The results of the analyses conducted to identify covariates associated with experimental 424 

condition are summarized in Table 1. Following up on significant group differences, Bonferroni 425 

corrected post-hoc t-test revealed that sugar- was significantly younger than sugar+ (p=.006), 426 

and water (p=.029). Although the omnibus test comparing group differences in respect to 427 

fasting blood glucose was significant, Bonferroni corrected post-hoc t-tests revealed no 428 

significant differences between experimental conditions (all p>.05).  429 

Cortisol baseline of water was significantly higher in comparison to all other groups (sugar+, 430 

p=.001; sugar-, p=.001; sweetener+, p<.001; sweetener-, p<.001). This could be related to the 431 

facts that (A) water was tested predominantly at 0800h, while all other conditions were tested 432 

more frequently at 1000h (variable session start) and (B) cortisol baseline was significantly 433 

higher in participants tested at 0800h (n=50, mean=10.43, SD=6.41) vs. 1000h (n=102, 434 

mean=4.92, SD=3.44), t(160.58)=-5.99, p<.001, d=-0.69. In turn, cortisol baseline had a 435 

significant effect on cortisol stress reactivity, F(1, 146)=31.78, p<.001, eta2
partial=.18, when 436 

controlling for the influence of experimental condition, F(4, 146)=0.44, p=.778, eta2
partial=.01. 437 

In accordance with these finding, we found that session start had a significant effect on cortisol 438 

stress reactivity, F(1, 146)=12.80, p<.001, eta2
partial=.08, when controlling for the influence of 439 

experimental condition, F(4, 146)=0.50, p=.739, eta2
partial=.01. Following up on this main effect 440 

using five independent Welch two-sample t-tests showed that cortisol stress reactivity was 441 

however neither significantly related to session start in the water condition, t(53.00)=-0.77, 442 

p=.444, d=-0.15, nor in the sugar+, t(23.00)=1.19, p=.248, d=0.34, sweetener+, t(24.00)=1.69, 443 

p=.105, d=0.48, nor in the sweetener- condition, t(20.00)=1.84, p=.081, d=0.57.  444 

To minimize the influence of the significantly different cortisol baseline values on our analyses 445 

(because we were not interested in baseline differences, but the stress response), we decided to 446 

exclude cortisol baseline measurements taken at -20min and -30min and focus on the time 447 

during and after the stressor (from 0min to +45min). To account for potential influences of 448 

higher cortisol baseline levels on cortisol stress responses in participants tested at 0800h and in 449 

the water group, we subsequently decided to use the variables session start and cortisol baseline 450 

as covariates in our analysis. To reduce multicollinearity (Pearson’s correlation between session 451 
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start and cortisol baseline: r=-.49, p<.001), we decided to include only one of the variables as 452 

covariate in the models. Since the interpretation and significance of the results was independent 453 

of whether we used session start or cortisol baseline in our analyses, we decided to report the 454 

analyses using session start. The results comprising the variable cortisol baseline can be 455 

obtained from the RMarkdown analysis scripts provided at the Open Science Framework 456 

project associated with this work.  457 

Cortisol stress reactivity was neither significantly affected by drink volume, F(1, 146)=0.01, 458 

p=.930, eta2
partial<.01, while controlling for the influence of experimental condition, F(4, 459 

146)=4.00, p=.004, eta2
partial=.10, not by hormonal status, F(2, 143)=2.66, p=.073, eta2

partial=.04, 460 

while controlling for the influence of experimental condition, F(4, 143)=2.82, p=.027, 461 

eta2
partial=.07. Participant’s rating of the drink’s estimated amount of sugar as compared to 462 

Coke® was neither significantly related to drink volume, b=.01, T=.13, p=.896, drink content 463 

(sugar or sweetener), b=.19, T=.24, p=.810, nor an interaction between the two, b=-.01, T=-.74, 464 

p=.462 (adjusted R2<.01, F(3, 93)=.86, p=.465).  465 

To sum up, we included age and session start as covariates in our main analyses.  466 

3.2. Blood glucose trajectories 467 

Blood glucose increase differed significantly across experimental condition (five levels: 468 

sugar+, sugar-, sweetener+, sweetener-, water), F(4, 147)=61.60, p<.001, eta2
partial=.63. 469 

Bonferroni corrected t-tests showed that blood glucose increase was significantly higher in both 470 

sugar (mean=31.92, SD=15.09), compared with both sweetener groups (mean=1.11, SD=8.67), 471 

t(83.07)=12.57, p<.001, d=2.47, or the water group (mean=2.40, SD=8.36), t(78.95)=12.40, 472 

p<.001, d=2.43, without a significant difference between sweetener and water, t(94.27)=0.75, 473 

p=.453, d=0.15. Sugar+ did not significantly differ from sugar-, t(46.67)=-0.18, p=.855, d=-474 

0.05; neither did sweetener+ significantly differ from sweetener-, t(43.82)=-1.13, p=.264, d=-475 

0.33. Including age, F(1, 145)=0.65, p=.420, eta2
partial<.01, and session start, F(1, 145)=0.62, 476 

p=.431, eta2
partial<.01, did not change the significance of experimental condition, F(4, 477 

145)=61.30, p<.001, eta2
partial=.63. Blood glucose results per group are depicted in Figure 2A. 478 
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3.3. Subjective stress trajectories 479 

There was no significant effect of experimental condition, F(4, 147)=0.94, p=.441, eta2
partial=.03, 480 

on subjective stress increase. Including age, F(1, 145)=0.26, p=.612, eta2
partial<.01, and session 481 

start, F(1, 145)=1.41, p=.238, eta2
partial<.01, did not change the significance of experimental 482 

condition, F(4, 145)=0.94, p=.442, eta2
partial=.03. Subjective stress increase differed significantly 483 

from zero across all groups, t(151)=10.16, p<.001, d=0.82. Subjective stress results per group 484 

are depicted in Figure 2B. 485 

3.4. Growth curve models 486 

In all models, incorporation of random intercepts, random slopes, and linear, quadratic, and 487 

cubic trends of time led to significant increases in model fit by means of the log-likelihood ratio 488 

(for details of the results, see the respective tables in the supplemental information, which are 489 

linked in the following paragraphs). 490 

3.5. Planned contrasts: Effects of sweetness, energy load, and energy prime 491 

Evaluating the effects of sweetness, energy load and energy prime, we found (A) a significant 492 

difference in cortisol trajectories after sweet vs. non-sweet drinks (best explained by the 493 

interaction between sweetness and a cubic effect of time; see supplemental information, S3), (B) 494 

a significant difference in cortisol trajectories after caloric vs. non-caloric drinks (best explained 495 

by the interaction between energy load and a quadratic effect of time; see supplemental 496 

information, S4), and (C) no significant difference in cortisol trajectories after energy prime + 497 

vs. – (see supplemental information, S5). The incorporation of significant covariates did not 498 

change the results of these analyses. 499 

3.6. Interaction model 500 

Both, drink and the interaction terms of different trends of time x drink significantly improved 501 

model fit (see supplemental information, S6). Evaluation of the final model (Table 2) showed 502 

that cortisol trajectories differed significantly dependent on consumed drink (time3 x drink). 503 
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Incorporating age, session start, and session start x time did not change the results (see 504 

supplemental information, S6). 505 

Following up on this effect, we used the same growth curve approach as described above to 506 

contrast water against sweetener (water=0, sweetener=1), water against sugar (water=0, 507 

sugar=1), and sweetener against sugar (sweetener=0, sugar=1). Here, cortisol trajectories of (a) 508 

sweetener differed significantly from water (time3 x drink significant; see supplemental 509 

information, S7), (b) sugar differed significantly from water (time3 x drink significant; see 510 

supplemental information, S8), and (c) sweetener did not significantly differ from sugar (no 511 

significant interaction of drink with any time trend; see supplemental information, S9). 512 

Testing the effects of drink on cortisol stress reactivity using an ANOVA, this effect was again 513 

reflected in a significant omnibus effect of drink, F(2, 149)= 3.90, p=.022, eta2
partial=.05. 514 

Bonferroni corrected post-hoc t-tests showed a significant difference between sugar and water, 515 

p=.041; yet, there was neither a significant difference between sweetener and water, p=.070, nor 516 

between sugar and sweetener, p>.99. Including age, F(1, 145)=0.33, p=.567, eta2
partial<.01, and 517 

session start, F(1, 147)=6.21, p=.014, eta2
partial=.04, did not change the significance of drink, 518 

F(2, 147)=4.02, p=.020, eta2
partial=.05. 519 

Cortisol results for the groups consuming different drinks are depicted in Figure 3A. 520 

3.7. Exploratory analysis: Relationship between blood glucose levels and cortisol 521 

stress reactivity 522 

While cortisol stress reactivity was neither associated with the second blood glucose sample, 523 

r(150)=.11, p=.187, nor with blood glucose increase, r(150)=.08, p=.338 (Figure 3B), it was 524 

positively related to the third blood glucose sample, r(150)=.24, p=.002. 525 

3.8. Sensitivity analysis (n=95 participants) 526 

After excluding cortisol non-responders (n=20; n=13 tested at 0800h) and participants that were 527 

tested at 0800h (n=37), the sensitivity analysis was run on n=95 participants (sugar+: n=26; 528 

sugar-: n=18; sweetener+: n=15; sweetener-: n=18; water: n=18). In this analysis, all results 529 
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remained stable except for the following: We found no significant difference in cortisol 530 

trajectories after sweet vs. non-sweet drinks. The post-hoc contrasts revealed no significant 531 

difference in cortisol trajectories between the groups water and sweetener, but a significant 532 

difference between the groups sugar and sweetener (drink x time2 significant). Testing the effect 533 

of drinks on cortisol reactivity (using the AUCicort) showed no significant main effect of drink.  534 

All results can be obtained from the RMarkdown script provided at the Open Science 535 

Framework project associated with this work. 536 

4. Discussion 537 

Our aim was to investigate mechanisms behind the restoring effect of glucose on the cortisol 538 

stress response after long fasting periods (Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997). 539 

We experimentally manipulated women’s expectations of caloric content (energy prime) and the 540 

caloric content (energy load) of sweet drinks before psychosocial stress exposure and compared 541 

the effects to a water control group. Our manipulation checks showed that blood glucose 542 

increased only after sugar, but not after non-caloric sweetener or water load. Further, we 543 

successfully induced an increase in subjective stress using a modified version of the Trier Social 544 

Stress Test for groups. In our main analysis, we found that sugar and sweetener load increased 545 

the cortisol stress response in comparison to water consumption. The cortisol response after the 546 

ingestion of sweetener and sugar was not significantly different. These findings could however 547 

not be confirmed in our sensitivity analysis that focused on a subsample that was tested at 548 

1000h: Although it showed a significantly stronger cortisol stress response after sugar 549 

consumption in comparison to water, sweetener did not lead do significantly higher cortisol 550 

stress responses in comparison to the water group. Further, the group sugar displayed 551 

significantly higher cortisol stress responses in comparison to sweetener. This was paralleled by 552 

the finding, that sweet drinks in general did not lead to higher cortisol responses compared to 553 

water in the sensitivity analysis. Overall, our results implicate that sugar intake increases the 554 

cortisol stress response after long fasting periods in women. Concerning the effect of sweetener, 555 

our results overall point to an effect on cortisol responses but are less conclusive. Interestingly 556 
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however, drink-induced blood glucose increase was not related to cortisol stress reactivity in 557 

both analyses. Also, the energy prime had no effect on cortisol reactivity. 558 

The finding that sugar load increased cortisol reactivity compared to water is in line with 559 

previous studies comprising long (Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997), and 560 

short fasting intervals (von Dawans et al., 2020; Zänkert et al., 2020). Further, this result 561 

expands the findings of studies in males comprising long fasting periods (Gonzalez-Bono et al., 562 

2002; Kirschbaum et al., 1997), on the one hand by studying a female sample, and on the other 563 

hand by adding a group consuming non-caloric sweetener. Although the boosting effect of 564 

sugar on cortisol stress responses has been reported repeatedly by now and seems to be robust, 565 

the underlying mechanism of the effect remain unclear.  566 

While it has been suggested that the effect is driven by the increase in blood glucose that sugar 567 

uptake triggers (Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997), recent findings do not 568 

support this hypothesis (von Dawans et al., 2020; Zänkert et al., 2020). As in the analysis by 569 

von Dawans and colleagues (von Dawans et al., 2020), drink-induced blood glucose changes 570 

were not significantly associated with stress-induced cortisol increases in our analyses. These 571 

findings are paralleled by evidence from a study in which sweet drinks with differing caloric 572 

content (grape juice with 32g of sugar and a glucose drink with 75g of sugar) led to comparably 573 

augmented cortisol stress responses after 3h of fasting (Zänkert et al., 2020). Yet, a non-sweet, 574 

but caloric drink (maltodextrin, which has a similar glycemic index as compared to sugar; hence 575 

also triggers a rapid rise in blood glucose levels) did not boost the cortisol stress response as 576 

strongly as sweet and caloric drinks (glucose and grape juice) (Zänkert et al., 2020). Taken 577 

together, these (von Dawans et al., 2020; Zänkert et al., 2020) and our results call the proposed 578 

linear relationship between drink-induced blood glucose increase and cortisol stress reactivity 579 

(Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997) into question. While recommendations 580 

regarding the control of glucose levels prior to stress tests might remain unaffected 581 

(Labuschagne et al., 2019; von Dawans et al., 2020; Zänkert et al., 2020), the assumed linear 582 

correlation between glucose availability and cortisol stress responses in normal physiological 583 

functioning should be questioned and examined more rigorously.  584 
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As far as alternative explanations of the boosting effect of sugar on cortisol stress responses are 585 

concerned, we are aware of only one study that has looked at the effects of sweet taste 586 

independent of caloric input by providing sweetener prior to stress induction (von Dawans et al., 587 

2020). This study was conducted in male participants who fasted for a short fasting period of 588 

4h. The findings of this study indicated that only sugar, but not sweetener increased the cortisol 589 

stress response in comparison with water (von Dawans et al., 2020). When analyzing our 590 

sample of women who fasted for 8h, in respect to the effects of sweetener our findings in the 591 

full sample are contrasting this finding, while the findings of the sensitivity analysis are in line 592 

with the results by von Dawans and colleagues. Currently, it is impossible to determine where 593 

these differences stem from, because several methodological factors which could affect the 594 

results differ between the studies (e.g., duration of fasting, daytime of fasting and testing, lag 595 

between drink consumption and stressor, participants’ sex, etc.). To sum up, our results on the 596 

effect of sugar are in line with previous results, but the findings in respect to the effects of 597 

sweetener are inconclusive and should be interpreted with caution. 598 

Although the results by von Dawans and colleagues question the role of sweetness alone, we 599 

think that investigating the effect of sweeteners further could provide meaningful insights in this 600 

context, because both, non-caloric and caloric sweeteners activate T1R2/T1R3 receptors 601 

(Behrens and Meyerhof, 2019; Lee and Owyang, 2017), and T1R2/T1R3 activation has lately 602 

been discussed as a modulator of neuroendocrine processes (Behrens and Meyerhof, 2019; 603 

Rother et al., 2018). At the same time, the role of metabolic agents (like insulin, ghrelin, 604 

glucagon) has not been studied yet and should be examined in future studies (e.g., also 605 

discussed in von Dawans et al., 2020). Lastly, since carbohydrate reward is regulated by sweet 606 

taste and metabolic load of drinks (Veldhuizen et al., 2017), and it seems that the combination 607 

of sweet taste and caloric load leads to the greatest effect on the cortisol stress response, one 608 

could also speculate that mesolimbic pathways might play a mediating role here. To be able to 609 

disentangle the effects of sweet taste from the effects of caloric load, future studies could aim at 610 

implementing a fully balanced design by independently manipulating the sweetness and energy 611 

load of drinks prior to stress exposure. 612 
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The energy prime neither altered participants’ physiological response to drinks (glucose 613 

trajectories), nor to the stressor (cortisol trajectories). Although 87% of the participants believed 614 

the information, the prime in its current format might not be strong enough to elicit detectable 615 

effects, or other manipulations might have masked its effect. Overall, the low number of 616 

(deceived) participants who did not believe the energy prime did not make a subsequent 617 

comparison of believers and non-believers meaningful. Still, the results suggest that 618 

expectations and psychological effects related to the consumption of sweet drinks might play a 619 

rather subordinate role in this context.  620 

At this point, some limitations should be kept in mind when interpreting our results. First, the 621 

generalizability of our results is limited due to restrictions in study population heterogeneity in 622 

terms of sex (females only), age (young adults), ethnicity (predominantly Caucasian 623 

background) and educational status (university students). While former studies have focused on 624 

men, feasibility restrictions prohibited us to implement a sex-balanced design. As such, sex-625 

specific effects could explain differences in findings between our and former results (Gonzalez-626 

Bono et al., 2002; Kirschbaum et al., 1997; von Dawans et al., 2020); and indeed, sex-specific 627 

effects have been reported recently in this context (Zänkert et al., 2020). This raises the question 628 

of whether the effects of sweetener consumption are comparable in men and women. To clarify 629 

this, future studies that focus on longer fasting periods of at least 8h should aim to again test the 630 

effects of non-caloric sweeteners in a sex-balanced design. Second, we tried to control for 631 

circadian influences on cortisol reactivity by restricting testing to the morning hours (Miller et 632 

al., 2016). This however led to some participants showing very high initial cortisol levels 633 

(>20nmol/l). In healthy individuals, such high values are typically only reached during the 634 

cortisol awakening response (CAR) (Pruessner et al., 1997). However, we did neither assess, 635 

nor control for awakening time, or instruct participants to wake up at least 1.5h prior to the 636 

session. We thus suspect that in some subjects, an ongoing CAR might have prevented a cortisol 637 

stress response. We tried to account for this by conducting a sensitivity analysis, but the 638 

findings of our main and sensitivity analysis are contradictory. While we have greater statistical 639 

power in the complete sample when measured purely in terms of the number of subjects, it is 640 
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important to keep in mind that sample size is not the only determinant of statistical power in a 641 

study. For example, the reliability of the measured constructs also plays a role: the more reliable 642 

the constructs are measured, the better the signal-to-noise ratio and the higher the power to 643 

detect a real effect. Thus, after excluding subjects whose stress reactivity was potentially 644 

dampened by the ongoing cortisol awakening response, the sensitivity analysis potentially 645 

provides a more reliable representation of the stress response. At this point, however, it is 646 

difficult to assess which components (sample size, reliability of the constructs, etc.) weigh more 647 

heavily. However, we think that the effect of sweetener on the stress response, especially in 648 

women, should be investigated further before drawing final conclusions, although we would not 649 

want to omit the significant finding of it from the main analysis. To be able to draw meaningful 650 

conclusions from follow-up studies, it would be recommended to plan sample size a priori based 651 

on our and other effect size estimations to ensure sufficient power while testing the 652 

hypothesized effects. In contrast to that, we planned our sample size based on feasibility 653 

assessments prior to the conductance of the study, which could be a point of criticism. Yet, our 654 

sample size was still comparable to published studies in this context to date (von Dawans et al., 655 

2020). 656 

It is also noteworthy that the water group had significantly higher cortisol baseline levels, but 657 

comparable levels at stressor start. On the one hand, this could be due to the fact that different 658 

cortisol assays were applied in the first and second wave of the research project. Yet, we are 659 

confident that the conversion of raw values into cortisol factor scores (Miller et al., 2013b) has 660 

adequately addressed this issue. On the other hand, the higher cortisol baseline in the water 661 

group could – at least in parts – also be related to seasonal variations that might have affected 662 

cortisol concentrations (Persson et al., 2008). We are however not aware of studies showing an 663 

effect of seasonality on cortisol stress reactivity. We believe it is more plausible that the fact 664 

that the water group was tested predominantly at 0800h could play a role here. Although we 665 

tried to account for the baseline differences by focusing on the time during and after the stressor 666 

and controlling for the effects of session start or cortisol baseline statistically, the heightened 667 

baseline might still have dampened overall reactivity in the water group (Kudielka et al., 2004), 668 
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which could have critical effects on the interpretation of some of our results: As such, it is 669 

possible that the dampened response after water load in comparison to sugar or sweetener did 670 

not occur because sugar or sweetener load increased cortisol reactivity, but because the water 671 

group’s initial high values prevented a comparable response from the start. If that was the case, 672 

all conclusions that included the water group as a comparison would be distorted and possible 673 

effects exaggerated artificially. Consequently, we need to interpret the reported effects with 674 

caution. To avoid such potential disruptive factors in future studies, we would therefore highly 675 

recommend asking participants to get up at least 2h prior to the start of the experimental session, 676 

or recording awakening time if sessions take place in the morning. In addition to that, other 677 

potentially modulating variables like sleep and dietary habits were not assessed in the current 678 

study and should be assessed in the future. Further, the erroneous dissolvement of 25g of sugar 679 

or sweetener in 200 or 400ml of water might have resulted in an unintended variation of 680 

sweetness intensity. Unfortunately, we did not ask participants to rate the sweetness of the 681 

drinks, yet they estimated how much sugar their sweet drink contained in comparison to the 682 

same amount of Coke®. As this rating did not differ between groups consuming different drink 683 

volumes and content, we indirectly inferred that participants rated the drinks as comparably 684 

sweet, independent of the volume. Finally, it is possible, that a saturation effect and the lack of a 685 

direct comparison to another drink has diminished the effect of drink volume. In the light of the 686 

comparability of results across studies, it is further a limitation that we used a modified version 687 

of the TSST-G. We have used this version successfully in other studies (Meier et al., 2021; 688 

Popovic et al., 2020). The changes from the original protocol became necessary to adjust the 689 

original procedure for space and availability of the testing rooms. We cannot tell whether the 690 

modifications influenced our results. A meta-analysis comparing protocol variations of the 691 

TSST showcases that some variations, e.g., a negative instead of neutral panel, significantly 692 

affected cortisol reactivity, and thus, stricter adherence to standardized protocols might be 693 

warranted to guarantee comparability and transferability of results (Goodman et al., 2017). 694 

Lastly, the data assessment for this project was conducted over several years and possible 695 

effects of storage times on saliva samples and batch effects have been reported. As 696 
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recommended, we analyzed the samples in batches to reduce storage times (longest storage 697 

duration did not exceed 6 months) (Strahler et al., 2017), yet it is possible that these differences 698 

introduced variability. In the light of these limitations, our results need to be interpreted with 699 

caution. 700 

Apart from this, our study is one of the first to investigate mechanisms behind the restoring 701 

effect of glucose on the cortisol stress response after a fasting period of at least 8h. The increase 702 

in topic-related publications in the last year shows that the modulating effects of caloric and 703 

non-caloric sweeteners on the endocrine system receives increased scientific interest. So far, a 704 

handful of published studies that specifically investigated the effects of sugar and sweeteners on 705 

the cortisol stress response after fasting (Gonzalez-Bono et al., 2002; Kirschbaum et al., 1997; 706 

von Dawans et al., 2020; Zänkert et al., 2020) vary considerably in the applied methodology. As 707 

such, the differences in results could be caused by sex-specific effects, the selection and amount 708 

of sugar or sweetener used, the duration and daytime of fasting, or the lag between drink 709 

consumption and stressor onset. Exemplary, the time of the day during which the food 710 

restriction took place could be a modulating factor (Jensen et al., 2013), because the metabolic 711 

rate depends on the circadian rhythm of the studied species (nocturnal vs. diurnal) (Maughan et 712 

al., 2010). Thus, an overnight fast in the same species could have different effects compared to a 713 

fast that took place during the day (Jensen et al., 2013). Overall, the mechanistic basis of 714 

sweetener effects is still poorly understood at this point, which strongly merits follow-up 715 

studies.  716 

In conclusion, our results emphasize the link between the endocrine and metabolic system 717 

(McEwen and Akil, 2020). On the one hand, we confirmed a boosting effect of glucose on the 718 

cortisol stress reactivity in the fasted state. Since this was not related to blood glucose levels, the 719 

underlying mechanisms of this effect are still unclear. On the other hand, given that we found at 720 

least some evidence for effects of non-caloric sweeteners, it raises the question whether sweet 721 

taste alone can act as endocrine modulator (Rother et al., 2018). While the effects need to be 722 

tested more rigorously in future studies, this knowledge is highly relevant in the field of 723 

endocrine stress research, as it might help to understand nutritive modulators of the 724 
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physiological stress response and how they might contribute to the progression of metabolic and 725 

stress-related disorders.  726 



Maria Meier 

 30 

Funding 727 

This work was in part supported by the Deutsche Forschungsgemeinschaft (DFG, German 728 

Research Foundation) under Germany’s Excellence Strategy – EXC 2117 – 422037984. The 729 

funding source had no role in the elaboration of the study design, the data collection, analysis 730 

and interpretation, the writing of this report and the decision to submit this manuscript for 731 

publication. 732 

Competing interest statement 733 

The authors declare to have no conflict of interest. 734 

Acknowledgements 735 

We thank Katrin Ziesemer for her helpful advice regarding sugars and non-caloric sweeteners 736 

during the planning of the study. Further, we thank Julia Wickl, Jacqueline Lohmiller, Nina 737 

Schumm, Sonia Lorusso, Julian Merx, and Paula Strobel for their help in conducting the 738 

experimental sessions.  739 

CRediT author statement 740 

MM: Formal analysis, Investigation, Data Curation, Writing - Original Draft, Visualization, 741 

Project administration, Conceptualization, Methodology. UUB: Investigation, Writing - Review 742 

& Editing, Project administration, Conceptualization, Methodology. ABEB: Writing - Review 743 

& Editing. BD: Writing - Review & Editing. SD: Writing - Review & Editing. JCP: Formal 744 

analysis, Resources, Writing - Original Draft, Supervision, Funding acquisition, 745 

Conceptualization, Methodology. EU: Formal analysis, Writing - Original Draft, 746 

Conceptualization, Methodology. All authors approved the final version. 747 



Maria Meier 

 31 

Data availability statement and transparency disclosure 748 

The dataset generated and analyzed in the course of this study, and the scripts of the statistical 749 

analysis are available online at https://osf.io/ceqw4/ (Open Science Framework project DOI 750 

10.17605/OSF.IO/CEQW4). We confirm that we report how we determined our sample size, all 751 

data exclusions, and all experimental manipulations. A complete list of variables that were 752 

assessed during both, the experiment of wave one and the experiment of wave two can be 753 

obtained from https://osf.io/qmcgz/. 754 

Supplemental Information  755 

Supplemental information is available online at https://osf.io/ceqw4/ (Open Science Framework 756 

project DOI 10.17605/OSF.IO/CEQW4). A preprint of this manuscript has been published on 757 

PsyArXiv (https://psyarxiv.com/n4sd7/; DOI: 10.31234/osf.io/n4sd7). 758 

Preregistration 759 

An Open Science Framework preregistration of this project is available at https://osf.io/pfxe8/ 760 

(date of registration January 30, 2020).  761 



Maria Meier 

 32 

References 762 

American Diabetes Association, 2001. Postprandial blood glucose. Diabetes Care 24, 763 
775–778. 764 

Behrens, M., Meyerhof, W., 2019. A role for taste receptors in (neuro)endocrinology? J. 765 
Neuroendocrinol. 31, e12691. https://doi.org/10.1111/jne.12691 766 

Bentele, U.U., Meier, M., Benz, A.B.E., Denk, B.F., Dimitroff, S.J., Pruessner, J.C., 767 
Unternaehrer, E., 2021. The impact of maternal care and blood glucose 768 
availability on the cortisol stress response in fasted women. J. Neural Transm. 769 
https://doi.org/10.1007/s00702-021-02350-y 770 

Benz, A., Meier, M., Mankin, M., Unternaehrer, E., Pruessner, J.C., 2019. The duration 771 
of the cortisol awakening pulse exceeds sixty minutes in a meaningful pattern. 772 
Psychoneuroendocrinology 105, 187–194. 773 
https://doi.org/10.1016/j.psyneuen.2018.12.225 774 

Bernstein, D.P., Stein, J.A., Newcomb, M.D., Walker, E., Pogge, D., Ahluvalia, T., 775 
Stokes, J., Handelsman, L., Medrano, M., Desmond, D., Zule, W., 2003. 776 
Development and validation of a brief screening version of the Childhood 777 
Trauma Questionnaire. Child Abuse Negl. 27, 169–190. 778 
https://doi.org/10.1016/S0145-2134(02)00541-0 779 

Dang, J., 2016. Testing the role of glucose in self-control: A meta-analysis. Appetite 780 
107, 222–230. https://doi.org/10.1016/j.appet.2016.07.021 781 

Dickerson, S.S., Kemeny, M.E., 2004. Acute Stressors and Cortisol Responses: A 782 
Theoretical Integration and Synthesis of Laboratory Research. Psychol. Bull. 783 
130, 355–391. https://doi.org/10.1037/0033-2909.130.3.355 784 

Dressendörfer, R.A., Kirschbaum, C., Rohde, W., Stahl, F., Strasburger, C.J., 1992. 785 
Synthesis of a cortisol-biotin conjugate and evaluation as a tracer in an 786 
immunoassay for salivary cortisol measurement. J. Steroid Biochem. Mol. Biol. 787 
43, 683–692. https://doi.org/10.1016/0960-0760(92)90294-S 788 

Foster, S.R., Roura, E., Thomas, W.G., 2014. Extrasensory perception: Odorant and 789 
taste receptors beyond the nose and mouth. Pharmacol. Ther. 142, 41–61. 790 
https://doi.org/10.1016/j.pharmthera.2013.11.004 791 

Gonzalez-Bono, E., Rohleder, N., Hellhammer, D.H., Salvador, A., Kirschbaum, C., 792 
2002. Glucose but Not Protein or Fat Load Amplifies the Cortisol Response to 793 
Psychosocial Stress. Horm. Behav. 41, 328–333. 794 
https://doi.org/10.1006/hbeh.2002.1766 795 

Goodman, W.K., Janson, J., Wolf, J.M., 2017. Meta-analytical assessment of the effects 796 
of protocol variations on cortisol responses to the Trier Social Stress Test. 797 
Psychoneuroendocrinology 80, 26–35. 798 
https://doi.org/10.1016/j.psyneuen.2017.02.030 799 

Gröschl, M., Köhler, H., Topf, H.-G., Rupprecht, T., Rauh, M., 2008. Evaluation of 800 
saliva collection devices for the analysis of steroids, peptides and therapeutic 801 
drugs. J. Pharm. Biomed. Anal. 47, 478–486. 802 
https://doi.org/10.1016/j.jpba.2008.01.033 803 

Hermans, E.J., Henckens, M.J.A.G., Joëls, M., Fernández, G., 2014. Dynamic 804 
adaptation of large-scale brain networks in response to acute stressors. Trends 805 
Neurosci. 37, 304–314. https://doi.org/10.1016/j.tins.2014.03.006 806 

Jensen, T., Kiersgaard, M., Sørensen, D., Mikkelsen, L., 2013. Fasting of mice: a 807 
review. Lab. Anim. 47, 225–240. https://doi.org/10.1177/0023677213501659 808 



Maria Meier 

 33 

Kirschbaum, C., Bono, E.G., Rohleder, N., Gessner, C., Pirke, K.M., Salvador, A., 809 
Hellhammer, D.H., 1997. Effects of Fasting and Glucose Load on Free Cortisol 810 
Responses to Stress and Nicotine 82, 1101–1105. 811 

Kirschbaum, C., Pirke, K.-M., Hellhammer, D.H., 1993. The “Trier Social Stress Test” 812 
- A Tool for Investigating Psychobiological Stress Responses in a Laboratory 813 
Setting. Neuropsychobiology 28, 76–81. 814 

Kudielka, B.M., Schommer, N.C., Hellhammer, D.H., Kirschbaum, C., 2004. Acute 815 
HPA axis responses, heart rate, and mood changes to psychosocial stress (TSST) 816 
in humans at different times of day. Psychoneuroendocrinology 29, 983–992. 817 
https://doi.org/10.1016/j.psyneuen.2003.08.009 818 

Kühner, C., Bürger, C., Keller, F., Hautzinger, M., 2007. Reliabilität und Validität des 819 
revidierten Beck-Depressionsinventars (BDI-II): Befunde aus deutschsprachigen 820 
Stichproben. Nervenarzt 78, 651–656. 821 

Labuschagne, I., Grace, C., Rendell, P., Terrett, G., Heinrichs, M., 2019. An 822 
introductory guide to conducting the Trier Social Stress Test. Neurosci. 823 
Biobehav. Rev. 107, 686–695. https://doi.org/10.1016/j.neubiorev.2019.09.032 824 

Lee, A., Owyang, C., 2017. Sugars, Sweet Taste Receptors, and Brain Responses. 825 
Nutrients 9, 653. https://doi.org/10.3390/nu9070653 826 

Maughan, R.J., Fallah S, J., Coyle, E.F., 2010. The effects of fasting on metabolism and 827 
performance. Br J Sports Med 44, 490–494. 828 

McEwen, B.S., Akil, H., 2020. Revisiting the Stress Concept: Implications for Affective 829 
Disorders. J. Neurosci. 40, 12–21. https://doi.org/10.1523/JNEUROSCI.0733-830 
19.2019 831 

Meier, M., Wirz, L., Dickinson, P., Pruessner, J.C., 2021. Laughter yoga reduces the 832 
cortisol response to acute stress in healthy individuals. Stress 24, 44–52. 833 
https://doi.org/10.1080/10253890.2020.1766018 834 

Meyers, B., Brewer, M.S., 2008. Sweet Taste in Man: A Review. J. Food Sci. 73, R81–835 
R90. https://doi.org/10.1111/j.1750-3841.2008.00832.x 836 

Miller, H.C., Bourrasseau, C., Williams, K.D., Molet, M., 2014. There is no sweet 837 
escape from social pain: Glucose does not attenuate the effects of ostracism. 838 
Physiol. Behav. 124, 8–14. https://doi.org/10.1016/j.physbeh.2013.10.032 839 

Miller, R., Plessow, F., Kirschbaum, C., Stalder, T., 2013a. Classification Criteria for 840 
Distinguishing Cortisol Responders From Nonresponders to Psychosocial Stress: 841 
Evaluation of Salivary Cortisol Pulse Detection in Panel Designs. Psychosom. 842 
Med. 75, 832–840. https://doi.org/10.1097/PSY.0000000000000002 843 

Miller, R., Plessow, F., Rauh, M., Gröschl, M., Kirschbaum, C., 2013b. Comparison of 844 
salivary cortisol as measured by different immunoassays and tandem mass 845 
spectrometry. Psychoneuroendocrinology 38, 50–57. 846 
https://doi.org/10.1016/j.psyneuen.2012.04.019 847 

Miller, R., Stalder, T., Jarczok, M., Almeida, D.M., Badrick, E., Bartels, M., Boomsma, 848 
D.I., Coe, C.L., Dekker, M.C.J., Donzella, B., Fischer, J.E., Gunnar, M.R., 849 
Kumari, M., Lederbogen, F., Power, C., Ryff, C.D., Subramanian, S.V., 850 
Tiemeier, H., Watamura, S.E., Kirschbaum, C., 2016. The CIRCORT database: 851 
Reference ranges and seasonal changes in diurnal salivary cortisol derived from 852 
a meta-dataset comprised of 15 field studies. Psychoneuroendocrinology 73, 16–853 
23. https://doi.org/10.1016/j.psyneuen.2016.07.201 854 

Pedersen, T.L., 2019. patchwork: The Composer of Plots. 855 
Persson, R., Garde, A.H., Hansen, Å.M., Österberg, K., Larsson, B., Ørbæk, P., 856 

Karlson, B., 2008. Seasonal Variation in Human Salivary Cortisol 857 



Maria Meier 

 34 

Concentration. Chronobiol. Int. 25, 923–937. 858 
https://doi.org/10.1080/07420520802553648 859 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Core Team, 2018. nlme: Linear and 860 
Nonlinear Mixed Effects Models. 861 

Popovic, N.F., Bentele, U.U., Pruessner, J.C., Moussaïd, M., Gaissmaier, W., 2020. 862 
Acute Stress Reduces the Social Amplification of Risk Perception. Sci. Rep. 10, 863 
7845. https://doi.org/10.1038/s41598-020-62399-9 864 

Pruessner, J.C., Dedovic, K., Khalili-Mahani, N., Engert, V., Pruessner, M., Buss, C., 865 
Renwick, R., Dagher, A., Meaney, M.J., Lupien, S., 2008. Deactivation of the 866 
Limbic System During Acute Psychosocial Stress: Evidence from Positron 867 
Emission Tomography and Functional Magnetic Resonance Imaging Studies. 868 
Biol. Psychiatry 63, 234–240. https://doi.org/10.1016/j.biopsych.2007.04.041 869 

Pruessner, J.C., Kirschbaum, C., Meinlschmid, G., Hellhammer, D.H., 2003. Two 870 
formulas for computation of the area under the curve represent measures of total 871 
hormone concentration versus time-dependent change. 872 
Psychoneuroendocrinology 28, 916–931. https://doi.org/10.1016/S0306-873 
4530(02)00108-7 874 

Pruessner, J.C., Wolf, O.T., Hellhammer, D.H., Buske-Kirschbaum, A., 1997. Free 875 
cotisol levels after awakening: reliable biological marker for the assessment of 876 
adrenocortical activity 61, 2539–2549. 877 

Quigley, M.E., Yen, S.S.C., 1979. A mid-day surge in cortisol levels. J. Clin. 878 
Endocrinol. Metab. 49, 945–947. https://doi.org/10.1210/jcem-49-6-945 879 

R Core Team, 2019. R: A language and environment for statistical computing. R 880 
Foundation for Statistical Computing. Vienna, Austria. 881 

Reyes, G., Silva, J.R., Jaramillo, K., Rehbein, L., Sackur, J., 2015. Self-Knowledge 882 
Dim-Out: Stress Impairs Metacognitive Accuracy. PLOS ONE 10, e0132320. 883 
https://doi.org/10.1371/journal.pone.0132320 884 

Rother, K.I., Conway, E.M., Sylvetsky, A.C., 2018. How Non-nutritive Sweeteners 885 
Influence Hormones and Health. Trends Endocrinol. Metab. 29, 455–467. 886 
https://doi.org/10.1016/j.tem.2018.04.010 887 

RStudio Team, 2016. RStudio: Integrated Development for R. Inc., Boston, MA. 888 
Russell, J.A., Weiss, A., Mendelsohn, G.A., 1989. Affect Grid: A single-item scale of 889 

pleasure and arousal. J. Pers. Soc. Psychol. 57, 493–502. 890 
https://doi.org/10.1037/0022-3514.57.3.493 891 

Strahler, J., Skoluda, N., Kappert, M.B., Nater, U.M., 2017. Simultaneous measurement 892 
of salivary cortisol and alpha-amylase: Application and recommendations. 893 
Neurosci. Biobehav. Rev. 83, 657–677. 894 
https://doi.org/10.1016/j.neubiorev.2017.08.015 895 

Tucker, R.M., Tan, S.-Y., 2017. Do non-nutritive sweeteners influence acute glucose 896 
homeostasis in humans? A systematic review. Physiol. Behav. 182, 17–26. 897 
https://doi.org/10.1016/j.physbeh.2017.09.016 898 

Ulrich-Lai, Y.M., Herman, J.P., 2009. Neural regulation of endocrine and autonomic 899 
stress responses. Nat. Rev. Neurosci. 10, 397–409. 900 
https://doi.org/10.1038/nrn2647 901 

Ulrich-Lai, Y.M., Ryan, K.K., 2014. Neuroendocrine Circuits Governing Energy 902 
Balance and Stress Regulation: Functional Overlap and Therapeutic 903 
Implications. Cell Metab. 19, 910–925. 904 
https://doi.org/10.1016/j.cmet.2014.01.020 905 

Vadillo, M.A., Gold, N., Osman, M., 2016. The Bitter Truth About Sugar and 906 
Willpower: The Limited Evidential Value of the Glucose Model of Ego 907 



Maria Meier 

 35 

Depletion. Psychol. Sci. 27, 1207–1214. 908 
https://doi.org/10.1177/0956797616654911 909 

Veldhuizen, M.G., Babbs, R.K., Patel, B., Fobbs, W., Kroemer, N.B., Garcia, E., 910 
Yeomans, M.R., Small, D.M., 2017. Integration of Sweet Taste and Metabolism 911 
Determines Carbohydrate Reward. Curr. Biol. 27, 2476-2485.e6. 912 
https://doi.org/10.1016/j.cub.2017.07.018 913 

Veldhuizen, M.G., Nachtigal, D.J., Flammer, L.J., de Araujo, I.E., Small, D.M., 2013. 914 
Verbal descriptors influence hypothalamic response to low-calorie drinks. Mol. 915 
Metab. 2, 270–280. https://doi.org/10.1016/j.molmet.2013.06.004 916 

Verhagen, J.V., Engelen, L., 2006. The neurocognitive bases of human multimodal food 917 
perception: Sensory integration. Neurosci. Biobehav. Rev. 30, 613–650. 918 
https://doi.org/10.1016/j.neubiorev.2005.11.003 919 

von Dawans, B., Kirschbaum, C., Heinrichs, M., 2011. The Trier Social Stress Test for 920 
Groups (TSST-G): A new research tool for controlled simultaneous social stress 921 
exposure in a group format. Psychoneuroendocrinology 36, 514–522. 922 
https://doi.org/10.1016/j.psyneuen.2010.08.004 923 

von Dawans, B., Zimmer, P., Domes, G., 2020. Effects of glucose intake on stress 924 
reactivity in young, healthy men. Psychoneuroendocrinology 105062. 925 
https://doi.org/10.1016/j.psyneuen.2020.105062 926 

Wansink, B., Ittersum, K., Painter, J.E., 2006. How Diet and Health Labels Influence 927 
Taste and Satiation. J. Food Sci. 69, S340–S346. https://doi.org/10.1111/j.1365-928 
2621.2004.tb09946.x 929 

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New 930 
York, New York. 931 

Zänkert, S., Kudielka, B.M., Wüst, S., 2020. Effect of sugar administration on cortisol 932 
responses to acute psychosocial stress. Psychoneuroendocrinology 115, 104607. 933 
https://doi.org/10.1016/j.psyneuen.2020.104607 934 

935 



Maria Meier 

 36 

Figures and Tables 936 

Table 1. Descriptive statistics of the experimental conditions. 937 

 Sugar+ 

(n=24) 

Sugar- 

(n=28) 

Sweetener+ 

(n=25) 

Sweetener- 

(n=21) 

Water 

(n=54) 

inferential 

statistics 

p-value effect size 

age 22.67±3.10 20.21±1.89 21.60±2.77 20.71±2.05 21.98±2.51 F(4, 147)= 

4.17 

p=.003 eta2partial=.10 

BMIa 22.31±2.38 21.45±2.18 22.27±1.97 22.14±2.92 21.63±2.18 F(4, 147)= 

0.87 

p=.485 eta2partial=.02 

depressivenessb 4.42±4.41 4.96±4.46 4.60±4.95 4.43±3.88 5.94±5.45 F(4, 147)= 

0.70 

p=.592 eta2partial=.02 

childhood traumac 1.17±0.82 1.14±0.76 1.48±1.33 1.24±0.89 1.38±1.04 F(4, 146)= 

0.58 

p=.675 eta2partial=.02 

cortisol baselined 5.16±3.75 5.32±3.10 4.82±3.38 4.59±3.54 9.88±6.56 F(4, 147)= 

9.09 

p<.001 eta2partial=.20 

fasting blood glucose 93.25±7.24 93.50±9.72 89.28±7.41 89.48±9.21 87.76±9.78 F(4, 147)= p=.031 eta2partial=.07 
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2.74 

hormonal statuse,f 

(follicular/luteal/OC) 

7/6/10 9/8/11 4/4/17 6/7/7 17/21/16 X2(8)= 

11.39 

p=.180 Cramer’s 

V= .16 

session starte 

(0800h/1000h) 

5/19 0/28 6/19 4/17 35/19 X2(4)= 

42.95 

p<.001 Cramer’s 

V= .53 

drink volumee 

(200ml/400ml) 

20/4 16/12 21/4 16/5 0/54 X2(4)= 

82.45 

p<.001 Cramer’s 

V= 74 

Note. If not otherwise specified, a one-way Analysis of Variance by experimental condition was calculated to test whether 

groups differed in respect to the listed variables. In these cases, data is expressed as mean±standard deviation. 

aBMI=body mass index, bindexed by Beck’s Depression Inventory II sum score, cindexed by Childhood Trauma Questionnaire 

sum score (Bernstein et al., 2003), daverage of the first two measurements , ePearson’s Chi-squared test was calculated to test 

whether groups differed in respect to the listed variable, fn=150 due to missings. OC=oral contraceptive use. Hormonal status 

was determined as described by Benz and colleagues (Benz et al., 2019). Results of post-hoc t-tests are reported in section 3.1. 

Preliminary analyses. 
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Table 2. Model parameters of the final model contrasting the groups consuming different drinks. 938 

 

  

coefficient 

 

SE df inferential 

statistics 

p-value effect size 

(Intercept) 0.28 0.11 602 2.60 p=.010 d=0.21 

time 0.10 1.38 602 0.07 p=.942 d=0.01 

time2 -0.31 0.44 602 -0.70 p=.482 d=-0.06 

time3 -0.93 0.44 602 -2.11 p=.035 d=-0.17 

drink -0.29 0.08 150 -3.41 p<.001 d=-0.56 

time x drink 1.84 1.07 602 1.72 p=.086 d=0.14 

time2 x drink -1.02 0.34 602 -3.01 p=.003 d=-0.25 

time3 x drink -0.74 0.34 602 -2.19 p=.029 d=-0.18 

Note. Time represents the linear, Time2 represents the quadratic, and Time3 represents the cubic 

effect of time. Drink is a numeric variable (three levels: sugar=2, sweetener=1, water=0). Time 

x drink represents the interaction between the respective trend of time and drink. ‘x’ represents 

an interaction of the respective effects. 

 

 939 
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Figure 1. Overview of the study procedure. After baseline measurements, eligible, fasted 940 

participants received the energy prime, and a drink containing caloric, or non-caloric sweetener. 941 

The control group consumed water. Later, participants were exposed to a modified Trier-Social-942 

Stress-Test for groups (TSST-G). During recovery, participants completed questionnaires. 943 

BMI=body mass index. 944 
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Figure 2. Changes in blood glucose (A), subjective stress (B), over time (i), and in response to 946 

the experimental manipulations (ii) per experimental condition. Values are depicted as 947 

mean±SE. 948 
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Figure 3. Results concerning the endocrine stress response. (A) shows changes in salivary 950 

cortisol levels over time (i) and cortisol stress reactivity in response to the stressor (ii) for the 951 

groups consuming different drinks. Values are depicted as mean±SE. (B) shows scatterplot 952 

between blood glucose increase and cortisol stress reactivity. AUCi=Area under the curve in 953 

respect to the increase. 954 
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