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Abstract 
The increased risk for obesity and metabolic disorders following early-life adversity is 

aggravated by poor diet (e.g., cafeteria diet). Alternate-day fasting (ADF) is a dietary 

regimen shown to improve immune and metabolic dysfunction related to obesity. Here, we 

evaluate if ADF can ameliorate the negative effects of early-life adversity and/or cafeteria 

diet on biological, immune and metabolic parameters. At weaning, animals reared under 

normal or adverse conditions (i.e., low bedding) were fed either standard chow or cafete-

ria diets ad libitum or subjected to an ADF regimen. In adulthood, we measured 24-hour 

fasted cholesterol, triglycerides, cytokines, oxidative stress markers, and body composi-

tion parameters including perigonadal, retroperitoneal, and brown fat pad weight. Animals 

exposed to early-life adversity respond differently to cafeteria diet and ADF. Adverse reared 

animals fed chow diet in the ADF regimen showed the largest reduction in body weight 

and perigonadal and retroperitoneal fat pad weight, the smallest increase in corticosterone 

levels, and the largest increase in TNF-α levels. However, the differential effects of the ADF 

regimen on body, perigonadal and retroperitoneal fat weight observed in adversely reared 

animals fed chow diet compared to controls were not present if the adversely reared ani-

mals were fed cafeteria diet in the ADF regimen. Furthermore, adversely reared animals 

fed cafeteria diet in the ADF regimen showed high IL-1β and IL-6 levels. Together, the data 

suggest that the altered vulnerability to metabolic and immune dysfunction following early-

life adversity is not just due to the type of diet but also how the diet is consumed.
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Introduction
The clinical literature indicates that exposure to early-life adversity is associated with an 
increased lifetime risk for obesity and metabolic disorders, such as insulin resistance and 
type 2 diabetes [1–7]. Preclinical studies have corroborated these clinical findings, demon-
strating in primate and rodent models that exposure to early-life adversity leads to increased 
rates of obesity and metabolic dysfunction [8–10]. We previously utilized a naturalistic 
rodent model of early-life adversity in which animals are reared in an environment with 
low bedding [for review see 11], and showed that this early-life adversity induces insulin 
resistance [12]. Importantly, insulin resistance was found in adversely reared animals fed 
standard chow. However, exposure to a more palatable diet—the cafeteria diet—uncovered 
and in some cases exacerbated this metabolic dysregulation. Indeed, adversely reared ani-
mals fed cafeteria diet had higher caloric intake, reduced pancreatic insulin secretion, more 
severe hepatic steatosis as well as increased plasma levels of IL-1𝛽 compared to normally 
reared animals fed the same diet [12]. Together, these data indicate that early-life adversity 
negatively programs the physiological systems regulating metabolic function and highlights 
the power that later dietary choices have in mediating the long-term effects of early-life 
adversity.

Although there has been progress in understanding how early-life adversity can 
increase risk for obesity and metabolic disorders, very few studies have evaluated possible 
interventions that may ameliorate the negative metabolic effects of early-life adversity 
[10,13,14]. Alternate-day fasting (ADF), a dietary regimen in which animals are exposed 
to multiple cycles alternating daily between 24-hour of fasting or 24-hour of ad libitum 
food access, has been shown to improve obesity-related metabolic dysfunction [15–18]. 
Nevertheless, only two studies have evaluated the effects of ADF following early-life 
adversity. The first study investigated maternally separated animals exposed to ADF 
during adolescence, finding that ADF resulted in more weight gain on the feed days, 
likely due to increased food intake, as well as more weight loss on fasted days when com-
pared to controls [10]. Moreover, the altered food consumption observed in maternally 
separated animals exposed to ADF occurred in the context of increased responsiveness of 
the hypothalamic-pituitary-adrenal axis [10]. The second study showed that ADF rescued 
depressive-like behavior and increased dopaminergic activity in the ventral tegmental 
area/substantia nigra, nucleus accumbens, and hippocampus in maternally separated ani-
mals [14]. The results from these two studies indicate that animals exposed to early-life 
adversity show a differential response to ADF compared to ad libitum controls, suggest-
ing the neurobiological processes regulating body weight and food intake are altered 
following early-life adversity.

Given the consistent evidence from clinical and preclinical literature that ADF 
improves overall health [16,17] and the limited evaluation of ADF’s effects in the 
context of early-life adversity, here we explore the effects of ADF on adversity-related 
metabolic dysfunction. To achieve this, we combined a standard ADF model with a 
well-established naturalistic low bedding model of early-life adversity to assess bio-
logical, metabolic, hormonal, and immune parameters. Additionally, given that later 
dietary choices can exacerbate the effects of early-life adversity [12,19–21], we tested 
the effects of ADF in adversely reared animals fed either standard lab chow (chow 
diet) or the high-salt, high-fat, low-fiber, energy dense cafeteria diet. We hypothesize 
that exposure to early-life adversity will interact with the negative effects of cafeteria 
diet consumption; moreover, animals exposed to early-life adversity will differentially 
respond to ADF regardless of diet.
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Methods

Animals
Pregnant Wistar rats were obtained from the colony of Universidade Estadual do Oeste do 
Paraná and maintained at a constant temperature (22 ±  1°C) and a 12-hour light-dark cycle 
(lights on at 7 am) with ad libitum access to water and standard rodent chow (Algomix, 
Brazil). Approximately 7 days before delivery, females were housed individually (41 cm long 
X 34 cm wide X 17 cm high) and the presence of pups was checked twice daily. On the day of 
birth (postnatal day 0; PN0), litters were culled to 8 pups with an attempt to preserve an equal 
number of males and females per litter. To control for litter effects, no more than 2 animals 
per litter were used in each experimental group. All experiments were approved by the Uni-
versidade Estadual do Oeste do Paraná Animal Care Committee (protocol # 39/17) and were 
performed in accordance with National Institutes of Health (NIH) Guide for the Care and Use 
of Laboratory Animals and the Canadian Council on Animal Care guidelines.

Naturalistic early-life adversity paradigm
At PN3, litters were randomly assigned to either adverse or normal rearing conditions (Fig 1). 
For the adverse rearing litters, mothers were housed from PN3-9 with limited nesting/bed-
ding material (1000mL, 1.2 cm layer). This limited bedding environment has been shown 
to decrease dams’ ability to construct nests and results in an abusive-like maternal behavior 
phenotype [for review see 11]. Indeed, mothers provided with limited bedding material spend 
more time away from pups and show more rough handling (i.e., aggressively grooming pups, 
transporting pups by limb, step/jump on pups) [22,23]. For the normal rearing litters, mothers 
were housed from PN3-9 in cages with abundant bedding material (4500mL, 5 cm layer) for 
nest building, during which time they were not disturbed.

Fig 1.  Schematic representation of the experimental design. From PN3-9, litters were randomly exposed to normal 
or adverse rearing conditions (i.e., low bedding). After weaning (PN21), male offspring were exposed to one of two 
experimental diets: chow or cafeteria. Diets were administered using two different feeding regimens: ad libitum (AL), 
where animals received ad libitum access to food (chow or cafeteria diet); and alternate-day fasting (ADF), where ani-
mals were exposed to repeated 24-hour fasting followed by 24-hour refeeding cycles during which they had ad libitum 
access to chow or cafeteria diet. At PN70, after 24 hours of fasting, animals were terminated to measure perigonadal, 
retroperitoneal, and brown fat pad weight and to assess cholesterol, triglycerides, corticosterone, cytokines, and 
oxidative stress markers.

https://doi.org/10.1371/journal.pone.0313103.g001

https://doi.org/10.1371/journal.pone.0313103.g001
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Cafeteria diet
Beginning at weaning (PN21), male rats from both normal and adverse rearing groups were 
pair-housed and randomly divided into two dietary experimental groups: 1) Chow diet; fed 
standard rodent chow (Table 1; Algomix, Brazil; 2.95 kcal/g) and water ad libitum; and 2) 
Cafeteria diet; palatable food items comprising salami, ham, sausages, snacks, cakes, breads, 
cookies, and soft drinks (alternated daily between Pepsi™ and Guaraná Antarctica™) as detailed 
in Table 1. Those were offered together with a cafeteria pellet diet (Table 2) and water ad 
libitum [12,24,25]. The cafeteria pellet diet was made every other day by combining melted 
chocolate (25 g), powdered standard lab chow (37.5 g), powdered Biscuit Maizena (12.5 g), and 
toasted peanuts (25 g). The mixture was baked for 40 min at 180 °C and, once cooled, cut in 
square pellets of 4 x 4 cm. The cafeteria diet was offered from PN21 until the experimental day 
(PN70 ±  1; adulthood).

Alternate-day fasting (ADF)
Besides dividing the normal and adverse rearing groups into chow or cafeteria diet, at PN21 
animals were also randomly subdivided two different feeding regimens: 1) Ad libitum (AL); 
animals received ad libitum access to food (chow or cafeteria diet) and water for the whole 
experimental period; and 2) Alternate-day fasting (ADF); animals were exposed to repeated 
24-hour fasting followed by a 24-hour refeeding cycles 2 hours after lights on (9 am). During 
the 24-hour fasting period, animals were deprived of food but had ad libitum water; during 
the 24-hour refeeding period, animals had ad libitum access to chow or cafeteria diet depend-
ing on their dietary experimental groups assignment and water (Fig 1).

Table 1.  Nutritional details of the cafeteria and standard chow diets.

Qtd (g or ml*) Kcal Carbohydrates (g) Protein (g) Fat (g) Na (mg)

Chow (Algomix, Brazil) 1 2.95 0.55 0.22 0.04 2.70
Salami (Majestade, Brazil) 1 3.38 0.00 0.32 0.24 12.48
Bread (Seven Boys, Brazil) 1 2.95 0.53 0.09 0.04 4.70
Snack Yokitos (Yoki, Brazil) 1 4.80 0.60 0.06 0.24 11.04
Smoked sausage (Perdigão, Brazil) 1 3.18 0.01 0.18 0.32 15.73
Chocolate cake (Nutrella, Brazil) 1 3.25 0.50 0.05 0.12 6.18
Biscuit Maizena (Nestlé, Brazil) 1 4.33 0.70 0.10 0.12 3.63
Ham (Sadia, Brazil) 1 1.55 0.00 0.17 0.09 8.33
Snack Fritello (Pavioli, Brazil) 1 5.08 0.52 0.08 0.29 6.40
Peanuts 1 5.20 0.16 0.26 0.49 0.18

Pepsi (PepsiCo, Brasil)* 1 0.40 0.11 0.00 0.00 0.05

Guaraná Antartica (AmBev, Brasil)* 1 0.40 0.11 0.00 0.00 0.05

https://doi.org/10.1371/journal.pone.0313103.t001

Table 2.  Nutritional details of the cafeteria pellet diet.

Qtd (g) Kcal Carbohydrates (g) Protein (g) Fat (g) Na (mg)
Chow (Algomix, Brazil) 37.5 110.6 20.6 8.2 1.5 75.0
Chocolate (Garoto, Brazil) 25.0 127.0 13.0 2.0 7.2 160.0
Biscuit Maizena (Nestlé, Brazil) 25.0 130.0 14.0 1.5 8.0 12.5
Peanuts 12.5 53.6 9.1 1.7 1.5 54.1
Total 100 421.2 56.7 13.4 18.2 301.6

https://doi.org/10.1371/journal.pone.0313103.t002

https://doi.org/10.1371/journal.pone.0313103.t001
https://doi.org/10.1371/journal.pone.0313103.t002
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Experimental design
Normally and adversely reared animals were provided access to one of two experimental diets: 
chow or cafeteria (Fig 1). Diets were administered using two different feeding regimens, AL 
and ADF, resulting in 8 experimental groups: 1) normally reared, chow diet, AL; 2) normally 
reared, chow diet, ADF; 3) normally reared, cafeteria diet, AL; 4) normally reared, cafeteria 
diet, ADF; 5) adverse reared, chow diet, AL; 6) adverse reared, chow diet, ADF; 7) adverse 
reared, cafeteria diet, AL; and 8) adverse reared, cafeteria diet, ADF. For the specific number 
of animals in each experimental group and outcome, see S1 Table in S1 File.

At PN70, after 24 hours of food restriction (i.e., terminal 24-hour fasting), animals were 
weighed and decapitated to collect blood in heparinized tubes for assays of cholesterol, 
triglycerides, corticosterone, cytokines, and oxidative stress markers and to measure perigo-
nadal, retroperitoneal, and brown fat pad weight. Decapitation was performed without prior 
anesthesia by a certified and trained experimenter given that several of our experimental out-
comes are sensitive to anesthesia [26]. To evaluate obesity incidence, the ratio of perigonadal, 
retroperitoneal, and brown fat (g)/ 100 g of body weight was used [12,24]. All assays were 
conducted without knowledge of the experimental conditions.

Cholesterol and triglycerides
Plasma cholesterol and triglycerides were measured using commercially available kits from 
Labtest Diagnostica (Minas Gerais, Brazil) and run according to the manufacturer’s instruc-
tions. The lower limit of detection (LLOD) for cholesterol was 2 mg/dL, and the intra- and 
inter-assay coefficients of variation were 1.2% and 2.2%, respectively. The LLOD for tri-
glycerides was 3 mg/dL, and the intra- and inter-assay coefficients of variation were 1.3% and 
1.9%, respectively.

Corticosterone
Plasma corticosterone was measured by 3H-labeled hormone (Amersham, Piscataway, NJ, 
USA) radioimmunoassay, with specific antibody (cat# C8784) at 1:10,000 dilution and stan-
dards (cat# C2505) from Sigma Inc. (USA). Separation of the free and bound fractions was 
performed with charcoal-dextran (0.5/0.05%). Prior to radioimmunoassay, corticosterone was 
extracted from plasma using ethanol, with all samples processed in the same assay. The LLOD 
and the coefficient of intra-assay variation were 0.04 ng/ml and 4.5%, respectively.

Cytokines
In plasma, multiple soluble cytokines (TNF-α, IL-1β, IL-10, and IL-6) were simultaneously 
measured using a Luminex Multiplex Assay kit (Thermo Fisher Scientific) using a luminom-
eter Luminex® 100/200 (Luminex Corporation, Austin, TX) and the results were analyzed 
using the software xPONENT® Solutions software (Luminex Corporation). The LLOD for 
each cytokine was: TNF-α: 0.4 pg/mL, IL-1β: 1.1 pg/mL, IL-10: 1.6 pg/mL, and IL-6: 1.9 pg/
mL. The intra- and inter-assay coefficients of variation were both < 10%.

Oxidative stress
Thiobarbiture acid reactive substances (TBARS), an index of lipid peroxidation, were mea-
sured in plasma samples [12,27]. Samples (125 µL) were incubated using 375 µL of 0.67% 
thiobarbituric acid (TBA) and 250 µL of 10% trichloroacetic acid (TCA). The mixture was 
vortexed, and the reaction carried out in a boiling water bath for 1 h. After ice cooling, 1.5 mL 
of butyl alcohol was added to the mixture. The resulting pink-stained TBARS were deter-
mined spectrophotometrically at 535 nm. The method’s sensitivity is 1 µM.
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Statistical analyses
All data are expressed as mean ±  SEM and were analyzed by three-way ANOVA (rearing 
condition, diet and feeding regimen as factors). When significant, ANOVAs were followed by 
Newman-Keuls post hoc tests. Further analyses utilized planned pairwise comparisons to test 
the a priori hypotheses that: 1) exposure to adverse rearing will alter metabolic, hormonal, and 
immune function compared to that observed in normally reared animals; 2) cafeteria diet will 
alter metabolic, hormonal, and immune function compared to that observed in animals con-
suming the chow diet, and 3) ADF will alter metabolic, hormonal, and immune function com-
pared to that observed in animals in the AL regimen. Outliers were identified and removed 
using the Robust regression and Outlier removal (ROUT) method with Q = 0.05. In all cases, 
differences were considered significant when p ≤  0.05. For all tests, the software packages 
Statistica 13 (Statsoft, USA) and GraphPad Prism 10.0 (USA) were used. All statistical results 
(main effects and interactions) can be found in S2–S4 Tables in S1 File. Only the significant 
main effects and interactions are reported in the results section.

Results

Body composition
Consumption of cafeteria diet from PN21 to PN70 did not result in increased body weight 
regardless of rearing condition or feeding regimen (Fig 2A). However, in adversely reared ani-
mals, the ADF feeding regimen reduced body weight as compared to AL-regimented controls, 
regardless of diet consumed (Fig 2A box) (significant main effect of feeding regimen [F(1,34) =  
15.46, p =  0.0003], and significant interaction between rearing condition and feeding regi-
men [F(1,34) =  4.70, p =  0.04]). Moreover, when fed a chow diet using ADF feeding regimen, 
adversely reared animals showed reduced body weight relative to their normally reared coun-
terparts [a priori analysis for body weight comparing normally and adversely reared animals 
fed chow diet on the ADF regimen (p =  0.02)].

Among chow fed AL-regimented animals, adverse rearing did not affect perigonadal fat 
pad weight (Fig 2B). When offered cafeteria diet, normally reared, AL-regimented animals 
showed the largest increases in perigonadal fat pad weight; conversely, fat pad weights from 
adversely reared animals fed chow were not different from adversely reared animals fed caf-
eteria diet. Importantly, when consuming chow diet, the ADF regimen reduced perigonadal 
fat pad weight in adversely but not normally reared animals; when consuming cafeteria diet, 
the ADF regimen reduced perigonadal fat pad weights in both normally and adversely reared 
animals. Finally, a priori analysis revealed adversely reared animals consuming chow diet 
were more sensitive to the ADF regimen, as they showed reduced fat pad weight compared to 
their normally reared counterparts (significant main effects of diet [F(1,33) =  37.03, p <  0.0001] 
and feeding regimen [F(1,33) =  42.41, p <  0.0001], and significant interaction among rearing 
condition, diet and feeding regimen [F(1,33) =  6.29, p =  0.02]; a priori analysis for perigonadal 
fat pad comparing normally and adversely reared animals fed chow diet on the ADF regimen 
[p =  0.002]).

Animals consuming cafeteria diet on an AL regimen exhibited increased retroperitoneal 
fat pad weights compared to animals consuming chow diet on an AL regimen, independent of 
rearing condition (Fig 2C, 2C box). Additionally, the ADF regimen reduced retroperitoneal 
fat pad weights in animals consuming chow and cafeteria diet, regardless of rearing condition. 
However, adversely reared animals consuming chow diet on an ADF regimen had signifi-
cantly smaller retroperitoneal fat pad weights than their normally reared counterparts (sig-
nificant main effects of diet [F(1,34) =  157.55, p <  0.0001] and feeding regimen [F(1,34) =  138.05, 
p <  0.0001], and significant interaction between diet and feeding regimen [F(1,34) =  15.53, p =  
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0.0004]; a priori analysis for retroperitoneal fat pad comparing normally and adversely reared 
animals fed chow diet on the ADF regimen [p =  0.02]).

All animals consuming cafeteria diet, regardless of regimen, as well as animals consum-
ing chow diet on the ADF regimen, exhibited increased brown fat pad weights compared to 
animals consuming chow diet on the AL regimen, independent of rearing condition (Fig 2D, 
2D box; significant main effects of diet [F(1,46) =  32.67, p <  0.0001] and feeding regimen [F(1,46) 
=  12.62, p =  0.0009], and significant interaction between diet and feeding regimen [F(1,46) =  
12.37, p =  0.0009]).

Metabolic and hormonal parameters
Normally reared animals exposed to the ADF regimen showed reduced terminal 24-hour 
fasting cholesterol levels compared to animals exposed to the AL regimen, regardless of diet 
consumed (Fig 3A, 3A box). Furthermore, adversely reared animals on the AL regimen had 
lower cholesterol levels than their normally reared, AL-regimented counterparts, regardless of 
diet. Importantly, adversely reared animals on the ADF regimen, regardless of diet, exhibited 
increased cholesterol levels as compared to their normally reared counterparts (significant 
main effects of rearing condition [F(1,40) =  6.59, p =  0.01], diet [F(1,40) =  16.36, p =  0.0002] and 
feeding regimen [F(1,40) =  37.09, p <  0.0001]; significant interaction between rearing condition 

Fig 2.  Effects of early-life adversity on (A) body weight, (B) perigonadal fat, (C) retroperitoneal fat, and (D) brown fat in animals fed cafeteria diet in an 
alternate-day fasting (ADF) regimen. Bars represent mean +  SEM (n =  4-9 for all groups). *  indicates significant differences based on the post-hoc tests for interac-
tions or main effects; # indicates significant differences based on a priori comparison. Box for graph A shows the statistical results for the interaction between rearing 
condition and feeding regimen, regardless of diet. Boxes for graphs C and D show the statistical results for the interaction between diet and feeding regimen, regardless 
of rearing condition. For *  or #, p ≤  0.05. AL: ad libitum.

https://doi.org/10.1371/journal.pone.0313103.g002

https://doi.org/10.1371/journal.pone.0313103.g002
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and feeding regimen [F(1,40) =  35.30, p <  0.0001]). We also detected a significant interaction 
between diet and feeding regimen, such that exposure to the ADF regimen reduced cho-
lesterol levels in animals exposed to chow diet regardless of rearing condition (Fig 3A box; 
significant interaction between diet and feeding regimen [F(1,40) =  22.24, p <  0.0001]).

Exposure to the ADF regimen increased terminal 24-hour fasting triglycerides levels 
independent of rearing condition and diet (Fig 3B, 3B box; significant main effect of feeding 
regimen [F(1,40) =  4.44, p =  0.04]).

Terminal 24-hour fasting corticosterone levels were increased in adversely reared animals 
consuming either chow or cafeteria diet on the AL regimen (Fig 3C). Moreover, all ADF-
regimented animals showed increased terminal 24-hour fasting corticosterone levels com-
pared to normally reared animals consuming chow diet on the AL regimen. However, among 
normally reared, AL-regimented animals, consuming cafeteria diet did not alter corticoste-
rone levels compared to animals consuming chow diet. Moreover, among ADF-regimented 
animals consuming chow diet, adversely reared animals exhibited lower corticosterone levels 
compared to their normally reared animals counterparts. Conversely, among AL-regimented 
animals consuming cafeteria diet, adversely reared animals exhibited higher terminal 24-hour 
fasting corticosterone levels as compared to their normally reared counterparts (significant 
main effect of rearing condition [F(1,38) =  9.03, p =  0.005], significant interaction between 
rearing condition and feeding regimen [F(1,38) =  14.23, p =  0.0005], and significant interaction 

Fig 3.  Effects of early-life adversity on (A) cholesterol, (B) triglycerides, and (C) corticosterone levels in animals fed cafeteria diet in an alternate-day fasting 
(ADF) regimen. Bars represent mean +  SEM (n =  4-9 for all groups). *  indicates significant differences based on the post-hoc tests for interactions or main effects; # 
indicates significant differences based on a priori comparison. Box for graph A shows the statistical results for the interaction between rearing condition and feeding 
regimen, regardless of diet and the statistical results for the interaction between diet and feeding regimen, regardless of rearing condition. Box for graph B shows the 
statistical results for the main effect of feeding regimen, regardless of rearing condition and diet. For *  or #, p ≤  0.05. AL: ad libitum.

https://doi.org/10.1371/journal.pone.0313103.g003

https://doi.org/10.1371/journal.pone.0313103.g003
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among rearing condition, diet and feeding regimen [F(1,38) =  4.99, p =  0.03]; a priori analysis 
for corticosterone levels comparing normally and adversely reared animals fed chow diet on 
the ADF regimen [p =  0.05]; a priori analysis for corticosterone levels comparing normally 
and adversely reared animals fed cafeteria diet on the AL regimen [p =  0.02]).

Cytokines and oxidative markers
Adversely reared animals consuming either chow or cafeteria diet on the AL regimen did not 
show altered terminal 24-hour fasting TNF-α levels (Fig 4A), though adversely reared animals 
consuming chow diet on the ADF regimen showed higher TNF-α levels than their normally 
reared counterparts (significant main effect of rearing condition [F(1,40) =  4.61, p =  0.04], sig-
nificant interaction between diet and feeding regimen [F(1,40) =  5.09, p =  0.03], and significant 
interaction among rearing condition, diet and feeding regimen [F(1,40) =  4.15, p =  0.05]).

Regardless of feeding regimen, adversely reared animals consuming cafeteria diet showed 
increased terminal 24-hour fasting IL-1β levels compared to all normally reared animals 
independent of diet as well as adversely reared animals consuming chow diet (Fig 4B, 4B box; 
significant main effects of rearing condition [F(1,40) =  7.73, p =  0.008] and diet [F(1,40) =  8.76, p =  
0.005], and significant interaction between rearing condition and diet [F(1,40) =  5.75, p =  0.02]).

Fig 4.  Effects of early-life adversity on (A) TNF- α, (B) IL-1β, (C) IL-6, and (D) IL-10 levels in animals fed cafeteria diet in an 
alternate-day fasting (ADF) regimen. Bars represent mean +  SEM (n =  4-9 for all groups). *  indicates significant differences based 
on the post-hoc tests for interactions or main effects; # indicates significant differences based on a priori comparison. Box for graph 
B shows the statistical results for the interaction between rearing condition and diet regardless of feeding regimen. Box for graph D 
shows the statistical results for the main effect of rearing condition, regardless of feeding regimen and diet. For *  or #, p ≤  0.05. AL: ad 
libitum.

https://doi.org/10.1371/journal.pone.0313103.g004

https://doi.org/10.1371/journal.pone.0313103.g004
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Adversely reared animals consuming either chow or cafeteria diet on the AL regimen did 
not show altered terminal 24-hour fasting IL-6 levels (Fig 4C). However, in normally reared 
animals consuming chow diet, exposure to the ADF regimen increased IL-6 levels. Among 
animals consuming cafeteria diet on the ADF regimen, adversely reared animals had higher 
terminal 24-hour fasting IL-6 levels as compared to normally reared animals (significant inter-
action among rearing condition, diet and feeding regimen [F(1,40) =  7.07, p =  0.01], a priori 
analysis for IL-6 comparing normally reared animals consuming chow diet and AL regimen 
with normally reared animals consuming chow diet and ADF regimen [p =  0.05]; a priori 
analysis for IL-6 comparing normally and adversely reared animals consuming cafeteria diet 
on the ADF regimen [p =  0.02]).

Adversely reared animals showed increased terminal 24-hour fasting IL-10 levels compared 
to normally reared animals, regardless of diet or feeding regimen (Fig 4D, 4D box; significant 
main effect of rearing condition [F(1,40) =  17.88, p <  0.0001]).

Adversely reared animals exposed to the AL regimen showed increased terminal 24-hour 
fasting TBARS levels independent of diet (Fig 5, 5 box), with further a priori analysis indi-
cating this effect was driven by animals consuming cafeteria diet (e.g., only adversely reared 
animals consuming cafeteria diet on the AL regimen were different form normally reared 
animals). Moreover, exposure to the ADF regimen reduced terminal 24-hour fasting TBARS 
levels in both normally and adversely reared animals regardless of diet (significant main effect 
of feeding regimen [F(1,40) =  44.43, p <  0.0001], and significant interaction between rearing 
condition and feeding regimen [F(1,40) =  10.02, p =  0.003]).

Discussion
The clinical and preclinical literature have demonstrated that consumption of high-calorie, 
sugar/fat-enriched foods may be more harmful for individuals exposed to early-life adversity 
[1–10,12]. The present study expands on these findings by showing that the altered vulnera-
bility to obesity and metabolic dysfunction faced by individuals exposed early-life adversity 
is not just due to the type of diet, but also how the diet is consumed. Indeed, our present 
results demonstrate that the effects of ADF are augmented in adversely reared animals when 

Fig 5.  Effects of early-life adversity on TBARS levels in animals fed cafeteria diet in an alternate-day fasting 
(ADF) regimen. Bars represent mean +  SEM (n =  4-9 for all groups). *  indicates significant differences based on the 
post-hoc tests for interactions or main effects; # indicates significant differences based on a priori comparison. Box 
shows the statistical results for the interaction between rearing condition and feeding regimen, regardless of diet. For 
*  or #, p ≤  0.05. AL: ad libitum.

https://doi.org/10.1371/journal.pone.0313103.g005

https://doi.org/10.1371/journal.pone.0313103.g005
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fed a chow diet, but not when fed a cafeteria diet. This exaggerated effect of ADF in adversely 
reared animals is apparent due to a larger reduction in perigonadal fat, retroperitoneal fat, and 
body weight when fed a chow diet in the ADF regimen, but not when fed a cafeteria diet in 
the ADF regimen. Additionally, we observed a reduction in corticosterone and an increase in 
TNF-α only when adversely reared animals were fed a chow diet in the ADF regimen, but not 
when fed a cafeteria diet in the ADF regimen.

Effects of cafeteria diet and ADF on body composition in animals exposed 
to early-life adversity
The current data replicate the literature [12,24,25,28,29] demonstrating that exposure to 
cafeteria diet on an AL regimen results in increased perigonadal and retroperitoneal fat pad 
weight, suggesting that exposure to cafeteria diet leads to obesity. Importantly, the cafeteria 
diet-induced effect was independent of early-life experiences, as both normally and adversely 
reared animals showed increased perigonadal and retroperitoneal fat pad weight. However, 
despite this fat increase, overall body weight was not affected by the cafeteria diet on the 
AL regimen. This result contrasts with the majority of studies, including ours, where con-
sumption of cafeteria diet typically results in a significant increase in body weight [12,30]. 
However, there are reports in the literature where cafeteria diet did not lead to increased 
body weight [31–36]. Various factors such as age, specific type of food offered, and duration 
of diet exposure may contribute to the different effects on body weight. Notably, the age diet 
exposure starts has been shown to affect body weight gain [32,37]. Indeed, a six-week expo-
sure to cafeteria diet resulted in increased body weight in adult animals, but not in adolescent 
animals [37], presumably due to the increased energy demand needed to support the ado-
lescent growth spurt. Nevertheless, both age groups fed cafeteria diet showed an increase in 
fat deposition. A similar lack of increased body weight with increased fat deposition was also 
observed when young animals were exposed to a high-energy diet for five weeks [38]. More-
over, the discrepancy between the lack of body weight increase in the current study and the 
increased body weight observed in our previous study [12] might be related to differences in 
the exposure period. In the current study, animals were exposed to a cafeteria diet for seven 
weeks (P21-P70), whereas in our previous study, exposure lasted eleven weeks (P21-P98). It is 
therefore likely that the age at which the cafeteria diet started and the relatively shorter expo-
sure period in the current study contributed to the lack of effects on body weight.

ADF, which involves a fasting day (i.e., where no food is consumed) alternated with a feed-
ing day (i.e., where food is consumed ad libitum), has been shown to reduce total and visceral 
fat mass and improve metabolic parameters in humans [17,39,40]. Our results indicate that 
normally reared animals consuming chow diet in the ADF regimen show reduced retroperi-
toneal fat accumulation, suggesting that, similar to other studies in humans and other animal 
models [15,41–43], our ADF protocol was effective in preventing fat deposition. Importantly, 
this ADF effect was even more pronounced in adversely reared animals, which showed a 
larger reduction of perigonadal and retroperitoneal fat accumulation in the context of reduced 
body weight. The exacerbated effect of ADF observed in adversely reared animals highlights 
the fact that dietary interventions with the goal of improving obesity and related metabolic 
dysfunction may have differential effects depending on previous early-life experiences.

Animals consuming cafeteria diet on the ADF regimen also showed reduced perigonadal 
and retroperitoneal fat accumulation as compared to AL animals, regardless of rearing condi-
tion. Indeed, in contrast to our findings in chow-fed animals, we did not observe any addi-
tional reduction in adversely versus normally reared animals; in other words, the reduction 
in fat accumulation was greater only in adversely reared animals fed chow diet as compared 
to their cafeteria fed counterparts. Indeed, this reduction of fat pad accumulation in adversely 
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reared animals on the ADF regimen was absent in cafeteria-fed animals, as both normally and 
adversely reared animals exposed to the ADF regimen show similar reductions in perigonadal 
and retroperitoneal fat accumulation. These results suggest that consumption of cafeteria diet 
by adversely reared animals eliminates the differential effects of the ADF regimen. Finally, 
fat pad weights in animals fed cafeteria diet on the ADF regimen were similar to animals fed 
chow diet in AL regimen regardless of rearing condition, suggesting that the ADF feeding 
regimen attenuated some of the effects of consuming cafeteria. The more effective reduction 
of perigonadal and retroperitoneal fats induced by ADF in adversely reared animals fed chow 
diet as compared to cafeteria diet may be the result of the chow diet’s lower fat and carbohy-
drate levels. Indeed, fat storage becomes the largest energy supplier during fasting periods 
[17,40], often resulting in reductions of fat mass [39,44]. Thus, the less calorically dense 
formulation of chow diet may have facilitated the use of visceral adipose tissue in the absence 
of ingesting large amounts of energy.

Exposure to ADF increased brown fat weight of both normally and adversely reared ani-
mals, regardless of diet offered, replicating previous data in normally reared mice exposed to 
intermittent fasting [45]. Unlike visceral fat, brown fat has been associated with caloric expen-
diture for thermogenic activity [46]. Additionally, brown adipose tissue plays an important 
role in metabolic control, including reduced body fat, increased insulin sensitivity, and control 
of metabolic factors [47,48]. Brown fat also has been shown to protect against metabolic dis-
orders in animals with diet-induced obesity [49]. All of these functions of brown fat may have 
contributed to the reduction in perigonadal and retroperitoneal fat pad weight induced by 
ADF in normally and adversely reared animals fed chow or cafeteria diet relative to their own 
AL counterparts. Interestingly, we observed that cafeteria diet also promoted an increase in 
brown fat accumulation in both normally and adversely reared animals regardless of feeding 
regimen. Brown adipose tissue activity increases following food intake, resulting in increased 
respiratory rate and mitochondrial activity as well as greater glucose utilization and increased 
fatty acid synthesis [50,51]. Exposure to cafeteria diet has previously been shown to further 
increase the activity of brown adipose tissue [52], which may have contributed to our obser-
vation of increased brown fat accumulation in our cafeteria consuming animals. However, 
our results of increased brown fat in both normally and adversely reared animals fed cafeteria 
diet indicates that early-life adversity may not differentially affect brown fat accumulation in 
response to high-calorie, sugar/fat-enriched foods such as those in the cafeteria diet.

Metabolic and hormonal responses to cafeteria diet and ADF in animals 
exposed to early-life adversity
Exposure to the ADF regimen reduced terminal 24-hour fasting cholesterol levels in nor-
mally reared animals regardless of diet, replicating previous findings in normally reared mice 
exposed to ADF and high-fat diet [53]. However, the beneficial effects of ADF were not as 
robust in adversely reared animals, as they showed higher cholesterol levels compared to 
normally reared, ADF-regimented animals irrespective of diet consumed. Nevertheless, our 
present data demonstrate that exposure to early-life adversity led to reduced terminal 24-hour 
fasting cholesterol levels, an effect that was observed in adversely reared animals fed chow and 
cafeteria diet on the AL regimen, replicating some of our previous findings in ad libitum fed 
animals [12]. Together, these results indicate that early-life adversity alters the metabolic path-
ways regulating cholesterol production and suggests that dietary interventions, such as ADF, 
may have differential effects in individuals exposed to early-life adversity.

Previous studies indicate that rodents exposed to intermittent fasting using standard 
rodent chow show a decrease [41,54] or no change [53] in plasma triglycerides levels. Our 
results indicate that exposure to the ADF regimen increased triglycerides levels in normally 
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and adversely reared animals consuming chow and cafeteria diet. Of note, a key difference 
between these previous results and the current data is that we measured fasting triglyceride 
levels while other studies have measured triglycerides after a refeeding period. ADF pro-
tected normally and adversely reared animals from the expected decrease in triglyceride levels 
following fasting regardless of diet [55], suggesting that ADF induced lipolysis, resulting in tri-
glyceride level elevation for muscle utilization that favors body weight reductions and glucose 
conservation.

In the current study, terminal 24-hour fasting in adversely reared animals, whether fed a 
chow or cafeteria diet on the AL regimen, resulted in a higher increase in corticosterone levels 
compared to normally reared animals under the same conditions, suggesting that adversely 
reared animals are hyperresponsive to stressors such as food deprivation. A similar profile 
has been shown in maternally separated rats exposed to 24-hour fasting during adolescence 
(PN29) [10]. Nevertheless, our data show that repeated food deprivations that occurred in 
the ADF regimen resulted in an attenuation of this increase in corticosterone levels in the 
adversely reared animals fed a chow diet. However, this effect was not observed in adversely 
reared animals fed a cafeteria diet in the ADF regimen, suggesting that the type of diet may 
modulate the intensity of the stress response in adversely, but not normally, reared animals.

Our results corroborate a previous rodent study [56] showing that terminal 24-hour fasting 
promoted a higher increase in corticosterone levels in the ADF compared to AL regimen 
when normally reared animals consumed chow diet. Moreover, other studies using ADF 
have also reported comparable increases in corticosterone levels even when animals were not 
fasted [57,58]. A similar increase in cortisol levels following intermittent fasting has also been 
reported in clinical studies [59]. Beyond the classical roles of corticosterone in stress response, 
increased corticosterone levels have been implicated in energy metabolism, increased food 
intake and weight grain [60,61]. Thus, the increase in corticosterone levels following terminal 
24-hour fasting in the animals in the ADF regimen may be involved in regulating food con-
sumption. Indeed, a previous study using a similar ADF protocol in maternally separated ani-
mals observed compensatory food intake in refeeding days [10]. In the current study, we did 
not record food consumption, however, reduced body weight and fat deposition observed in 
the adversely reared animals fed chow diet in the ADF regimen likely reflects corticosterone-
related changes in food consumption given that these animals showed a slight attenuation of 
corticosterone levels as compared to the ADF animals.

Immune responses to cafeteria diet and ADF in animals exposed to early-
life adversity
Exposure to childhood adversity has been shown to increase the risk for chronic health prob-
lems such as diabetes, cardiovascular diseases, cancer, and mental health problems later in life 
[1–7,62]. This adversity-related increase in risk for disease seems to have its roots in a chronic, 
low-grade pro-inflammatory bias observed following adversity during infancy [62,63]. In fact, 
childhood adversity is associated with increased levels of pro-inflammatory cytokines includ-
ing IL-6 and TNF-α [64]. Animal models have replicated this association between early-life 
adversity and chronic low-grade pro-inflammatory bias later in life [12,65–68].

One of the most well-described associations between in childhood trauma and adult 
inflammation involves inflammatory pathways related to TNF-α [64]. We have previously 
demonstrated that early-life adversity induces a pro-inflammatory state, as evidenced by 
increased plasma levels of TNF-α and IL-6 in adversely reared animals fed chow diet [12]. 
Notably, these increases were observed in animals that had not been subjected to fasting. In 
the present study, we observed that terminal 24-hour fasting TNF-α levels were increased 
in adversely reared animals fed chow diet on the ADF regimen but not in those on the 
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AL regimen. Taken together, the findings from our previous study [12] and the current 
results suggest that 24-hour fasting can eliminate the observed increased in TNF-α levels in 
adversely reared, AL-regimented animals consuming chow diet [12]. However, adversely, 
ADF-regimented animals fed chow diet still exhibited increased TNF-α levels, suggesting that 
the ADF regimen differentially affected adversely reared animals. Notably, TNF-α signaling 
can be impacted by other signaling molecules, including glucocorticoids, which have strong 
anti-inflammatory properties and are capable of inhibiting TNF-α signaling [69]. Here, we 
show that adversely reared animals fed chow diet on the ADF regimen had a smaller increase 
in terminal 24-hour fasting corticosterone levels, which may explain the correspondingly 
increased TNF-α levels observed in these animals.

We also replicated and expanded on our previous IL-1β findings [12] and found that 
adversely reared animals fed cafeteria diet had increased IL-1β levels not only in AL- as well 
as ADF-regimented animals. This increased IL-1β effect in adversely reared animals fed 
cafeteria diet is robust, having been observed in fed animals [12] as well as in fasting animals 
from the current study, highlighting how consumption of high-calorie, sugar/fat-enriched 
foods like those found in the cafeteria diet can be more detrimental to individuals exposed to 
early-life adversity. This differential sensitivity to diet induced by early adversity is of particu-
lar concern, as the clinical literature indicates that individuals exposed to childhood abuse are 
at a higher risk for emotional eating as a coping strategy to deal with abuse-related depression 
and/or emotional dysregulation [70].

Terminal 24-hour fasting IL-6 levels were also differentially expressed between rearing 
groups fed chow diet on the ADF regimen, with increased levels found in normally reared 
animals but not in adversely reared animals. Fasting-induced increases in IL-6 levels have 
also been observed in mice [71]. In humans, IL-6 has been shown to stimulate lipolysis and 
fat oxidation [72], and has been proposed as a possible mechanism mediating the metabolic 
switch from carbohydrate to lipid oxidation during fasting [71]. As such, increased IL-6 levels 
in normally reared, ADF-regimented animals fed chow diet may explain their observed reduc-
tion in retroperitoneal fat accumulation. However, adversely reared animals fed chow diet on 
the ADF regimen did not show the same increase in IL-6, suggesting an alternate mechanism 
for mediating the reduced perigonadal and retroperitoneal fat accumulation in these animals.

Our results also showed that adverse rearing increased terminal 24-hour fasting IL-10 
levels, regardless of diet or feeding regimen. As an anti-inflammatory cytokine, IL-10 helps to 
dampen immune responses by inhibiting the production of pro-inflammatory cytokines, such 
as TNF-α, IL-1β, and IL-6. The role of IL-10 in inhibiting the production of pro-inflammatory 
cytokines is critical for maintaining immune system homeostasis and helping prevent immune 
responses from becoming excessive or prolonged [73,74]. High levels of IL-10 may be coun-
terbalancing the inflammatory effects of pro-inflammatory cytokines, which may represent an 
adaptation for maintaining homeostasis in adversely reared animals.

Work in humans and animal models indicate that intermittent fasting can reduce oxidative 
damage and inflammation [75–77]. Our finding that ADF reduced terminal 24-hour fasting 
TBARS levels, a main marker of oxidative stress-induced cell damage, corroborates previous 
data showing that ADF can exert a beneficial antioxidant effect that reduces oxidative dam-
age. Importantly, ADF effects were similar between normally and adversely reared animals, 
independent of diet, suggesting that neither early-life experiences nor diet type consumed 
influenced the positive effects of ADF on TBARS. However, adversely reared animals fed 
cafeteria diet on the AL regimen showed the highest TBARS levels. We have previously shown 
that adversely reared animals fed chow or cafeteria diet in the AL regimen showed decreased 
levels of TBARS [12]. In the current study, however, we collected fasted samples and found 
increased TBARS levels in adversely reared animals fed cafeteria diet on the AL regimen. 
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Collectively, these findings highlight that early-life adversity may increase vulnerability to 
fasting given their higher oxidative stress response compared to controls, especially when fed 
cafeteria diet.

Limitations
Given that early-life adversity [78,79], cafeteria diet [80,81], and ADF [82] are known to have 
sex-specific impacts, a limitation of the current study is the use of only males in the exper-
imental design. Future studies should include both males and females to determine if the 
differential responses to cafeteria diet and/or ADF observed in adversely reared males are also 
present in females. Moreover, in the current study, the ADF regimen was employed from early 
adolescence to early adulthood [83], a period of intensive growth during which the organism 
requires a constant supply of large amounts of energy. Implementing ADF during this critical 
developmental period may have led to a mild form of stunting, as animals fed chow diet on 
the ADF regimen showed smaller body weights for their age, especially those exposed to 
early-life adversity. Future studies should evaluate the effects of ADF after animals have com-
pleted their growth phase to determine its impact on fully developed organisms. Nevertheless, 
clinical studies have evaluated the feasibility and efficacy of ADF as a possible intervention to 
treat obesity during adolescence [84–87]. Overall, the results indicate that ADF during ado-
lescence can reduce BMI and cardiovascular disease risk [84,88]. However, studies highlight 
the need for careful consideration when using ADF during adolescence to meet the increased 
nutritional and energetic requirements during this critical growth period [85]. Moreover, 
some studies suggest caution, as adolescence is a period of increased risk for eating disorders, 
and ADF or any other calorie restriction intervention may further exacerbate this risk [87]. 
Finally, in the current study, food intake and body weight data were not collected during the 
entire period in which animals were fed cafeteria diet in AL or ADF regimens. However, we 
used the exact same early-life adversity and cafeteria diet protocols as in our previous study 
[12], in which we showed that animals fed cafeteria diet had a higher energy intake compared 
to animals fed chow diet. Importantly, adversely reared animals fed cafeteria diet displayed an 
even higher energy intake compared to normally reared animals fed cafeteria diet [12]. Unfor-
tunately, we do not have data to evaluate whether the ADF regimen affected the body weight 
and intake of chow or cafeteria diet. However, previous research evaluating how early-life 
adversity (i.e., maternal separation) affects body weight and food intake using the ADF regi-
men demonstrated that animals exposed to early-life adversity weighed more and consumed 
more chow diet on fed days of the ADF regimen compared to normally reared animals [10].

Conclusions and implications
Overall, our findings add to the literature on how exposure to early-life adversity may alter 
physiological responses differentially, not only to specific diets but also to consumption pat-
terns. Indeed, adversely reared animals fed chow diet on the ADF regimen showed the largest 
reductions in body weight and perigonadal and retroperitoneal fat pad weight, the small-
est increase in corticosterone levels, and the largest increase in TNF-α levels. However, the 
differential effects of the ADF regimen on body, perigonadal and retroperitoneal fat weight 
observed in adversely reared animals fed chow diet compared to normally reared were not 
present if the adversely reared animals were fed cafeteria diet on the ADF regimen. Further-
more, adversely reared animals fed cafeteria diet on the ADF regimen showed high levels of 
IL-1β and IL-6. Together, these data suggest that the altered vulnerability to metabolic and 
immune dysfunction faced by individuals exposed to early-life adversity is not just due to the 
type of diet but also how the diet is consumed.
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