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Abstract 

We evaluated whether metabolic imprinting (MI) induced by small litter size (SL) could mitigate liver damage, redox imbalance, and NLR family pyrin 

domain-containing 3 (NLRP3) inflammasome activation caused by a high-sucrose diet (HSD) in young rats. Male Wistar rats (P0) were divided into control 

litters (CL; 8 pups/dam) and SLs (4 pups/dam). After weaning, they were fed for 8 weeks with a standard diet (STD) or HSD (30% sucrose), and distributed 

into four groups: STD-CL, HSD-CL, STD-SL, and HSD-SL. After euthanasia, blood and liver samples were collected for analysis. The HSD impaired hepatic 

insulin signaling and promoted hepatic alterations associated with NLRP3 inflammasome activation. Although the HSD increased antioxidant enzyme ac- 

tivity, it also altered the nonalcoholic fatty liver disease activity score (NAS) and elevated oxidative damage. SL-induced MI attenuated oxidative stress, as 

evidenced by reduced p47phox(Ser359) expression and decreased hepatic protein and lipid oxidation, potentially modulating the interaction between the 

experimental variables and p-AKT(Ser473). In addition, SL attenuated NLRP3 inflammasome activation and decreased caspase-1 and IL-18 levels. This study 

provides novel evidence that SL-induced MI attenuates adverse hepatic changes, oxidative stress, and NLRP3 inflammasome activation promoted by HSD. 

Our findings not only challenge the current literature but also suggest that SL-induced metabolic plasticity enables adaptations to post-weaning dietary 

variations, thereby mitigating hepatic damage induced by a post-weaning HSD in young rats. 

© 2026 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 
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1. Introduction 

Metabolic imprinting (MI) is the process by which environ-

mental factors, particularly nutritional exposure during critical

developmental windows, induce long-lasting phenotypic changes

via epigenetic mechanisms [ 1 , 2 ]. This concept underlies the De-

velopmental Origins of Health and Disease (DOHaD) hypothesis,
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which proposes that early-life exposure can shape health trajecto-

ries and influence disease susceptibility across the lifespan [ 3 , 4 ].

Understanding the timing and nature of early nutritional influ-

ences, as well as their ability to modulate epigenetic pathways, is

crucial for elucidating the mechanisms of MI and guiding effective

preventive strategies. 

From this perspective, exclusive breastfeeding on demand is

considered the gold standard for infant nutrition during the first

6 months of life, followed by the introduction of appropriate

complementary feeding [ 5 ]. Within nutrition, excessive intake

of sugars, particularly sucrose, during this critical developmen-

tal window and throughout childhood has been associated with

an increased risk of obesity, dyslipidemia, type 2 diabetes, and
ining, AI training, and similar technologies. 
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Table 1 

Macronutrient composition and energy density of the diets fed to 
rats for 8 weeks. 

Macronutrient compound/100 g STD HSD 

Kcal 310 313 
Carbohydrates 46.75 55.91

Sucrose NA 31.34 

Humidity 10.61 20.04 
Protein 20.72 12.13 

Lipids 4.47 4.58 

Abbreviations: HSD, high-sucrose diet; STD, standard diet. 
Adapted by de Deus et al. (2025) [ 24 ]. 
metabolic dysfunction-associated steatotic liver disease (MASLD)

[ 6 , 7 ]. 

In experimental models, chronic exposure to a high-sucrose

diet (HSD) promotes de novo lipogenesis, hepatic lipid accumula-

tion, and mitochondrial dysfunction, which enhance reactive oxy-

gen species (ROS) production and activate inflammatory path-

ways that contribute to insulin resistance (IR) and liver injury

[ 8 , 9 ]. In turn, ROS can influence redox-sensitive signaling, partly

through NADPH oxidase (NOX) activation, particularly via phos-

phorylation of the p47phox subunit at Ser 359 and/or Ser 370

[ 10 , 11 ]. 

The pathophysiology of IR is closely linked to chronic low-grade

inflammation mediated by the innate immune responses [ 12 ]. Ex-

cess ROS also provides the second signal required for NLRP3 in-

flammasome activation, promoting IL-1 β and IL-18 maturation,

thereby impairing insulin signaling in the liver, notably by reduc-

ing the phosphorylation of p-AKT(Ser 473) [ 13 , 14 ]. Despite these

advances, the precise contributions of NOX-driven oxidative stress

and NLRP3 activation to hepatic IR following HSD consumption re-

main poorly defined. 

The small litter size (SL) model, in which 2-4 pups are reared

per dam instead of 6-12 pups, has been widely employed to

investigate MI. SL offspring typically display increased adiposity,

dyslipidemia, glucose intolerance, and IR later in life [ 15–17 ].

However, emerging evidence has suggested that the SL model may

confer adaptive responses, including neuroprotection and resilience

to diet-induced inflammation [ 18 , 19 ]. These heterogeneous find-

ings indicate that the SL model can modulate metabolic plasticity;

however, its interaction with post-weaning dietary challenges and

hepatic inflammatory mechanisms is not well understood. 

Importantly, although SL has been linked to oxidative imbal-

ance and inflammatory changes [ 20 , 21 ], little is known about its

impact on hepatic NLRP3 inflammasome activation and NOX regu-

lation. Previous work has shown that fructose can promote hepatic

NLRP3 activation via oxidative stress and increased NOX activity

[ 22 ], though another study reported IR and NF- κB increase with-

out detectable changes in NLRP3 protein expression, suggesting

that this pathway may not always participate in fructose-induced

hepatic inflammation [ 23 ]. We recently demonstrated that SL en-

hanced metabolic plasticity and mitigated systemic IR induced by

a post-weaning HSD [ 24 ]. SL offspring exhibited increased body

mass at weaning compared to control litter animals (59.05 ±8.32 g

vs. 53.65 ±3.03 g, respectively). Following HSD exposure, caloric in-

take was increased, while the diet promoted adiposity expansion

and alterations in circulating triacylglycerol (TAG) levels in both lit-

ter groups. Notably, despite systemic IR induced by a post-weaning

HSD, SL animals displayed attenuation of key glycometabolic dis-

turbances, including reduced serum TAG and insulin levels, lower

HOMA-IR, and enhanced brown adipose tissue activation, effects

accompanied by reduced oxidative damage [ 24 ]. In light of these

findings, this model combined with post-weaning HSD is a valu-

able tool to investigate hepatic responses to early-life nutritional

programming and IR. 

Therefore, the present study investigated whether SL-induced

MI alters liver injury, redox imbalance, and NLRP3 inflammasome

activation induced by post-weaning HSD exposure in young rats.

Special attention was paid to p47phox phosphorylation at Ser359,

a key step in hepatic NOX activation, and its potential role in link-

ing ROS generation to NLRP3 inflammasome-mediated hepatic IR.

Although our findings challenge the current literature, they in-

dicate that SL-induced MI enhances adaptive responses to post-

weaning dietary challenges and mitigates liver damage induced by

a post-weaning HSD in young rats, highlighting the potential role

of early life programming in protecting against diet-driven hepatic

damage. 
2. Materials and methods 

2.1. Ethics statement, animals, and diet 

All animal procedures were approved by the Ethics Committee

for the Use of Animals at the Federal University of Ouro Preto (pro-

tocol number: 2245040518). To evaluate litter–size effects, male

Wistar rats were assigned to control litters (CL; 8 pups/dam) or

SLs (4 pups/ dam), as described previously [ 25 ]. In rats, the lac-

tation period lasts approximately 21 d (P0–P21), with young rats

reaching approximately 8 weeks thereafter [ 26 ]. After weaning, off-

spring received one of two diets for 8 weeks: a standard com-

mercial chow diet (STD, Nuvilab, Nuvital-CR, Colombo, Brazil) or a

HSD (condensed milk 40.44%, crystal sugar 8.6%) and water (30%

sucrose). The complete nutritional composition of the modified

diet has been previously published and validated in our labora-

tory; macronutrient composition and energy density are shown in

Table 1 [ 24 ]. 

2.2. Experimental design 

Newborn male Wistar rats (P0; n = 49) were pooled and ran-

domly redistributed to foster dams to form either CL (8 pups/dam)

or SL (4 pups/dam). Litter size manipulation was maintained

throughout the lactation period (P0–P21) and used exclusively as

a model of early-life nutritional programming at the Animal Sci-

ence Center. After weaning (P21), pups were considered indepen-

dent experimental units ( i.e. , analyzed individually rather than as

litters with their dams) and were randomly redistributed into four

groups according to their post-weaning diet for 8 weeks: (1) STD-

CL ( n = 11), (2) HSD-CL ( n = 13), (3) STD-SL ( n = 12), and (4) HSD-SL

( n = 13). Animals were housed under controlled conditions (12 h

light/dark cycle, 24 ±2 °C) with ad libitum access to food and water.

The experimental model was previously established and validated

as described elsewhere [ 24 ]. 

2.3. Euthanasia 

After 8 weeks of dietary intervention, non-fasted animals were

anesthetized with 5% isoflurane (Isoforine, São Paulo, Brazil) and

euthanized by decapitation. Isoflurane was selected for its rapid

onset and minimal discomfort and was used uniformly to avoid

variability in accordance with ethical guidelines [ 27 ]. Blood was

collected for serum analysis, and liver samples were either fixed

for histology or stored at −80 °C for later analysis. 

2.4. Serum markers of liver damage 

Serum was obtained by centrifugation and used to quantify

liver damage markers using commercial kits according to the
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manufacturer’s instructions. Aspartate aminotransferase (AST; #52-

200) and alanine aminotransferase (ALT; #53-200) were mea-

sured (Labtest Diagnóstica S.A. Minas Gerais, Brazil), and the ab-

sorbance was read at 500 nm. The results were expressed as

U/mL. 

2.5. Relative liver mass and characterization of the hepatic lipid 

profile 

Relative liver mass was expressed as the ratio of liver weight to

final body weight (g/g). The hepatic lipid content was determined

using the Folch method [ 28 ]. Triacylglycerol (TAG; #87-2/100) and

hepatic cholesterol (#76-2/100) concentrations were measured in

lipids resuspended in isopropyl alcohol (Alphatec, Rio de Janeiro,

Brazil) using commercial kits (Labtest Diagnóstica S. A.) accord-

ing to the manufacturer’s instructions. The absorbance was read at

505 nm, and the results were expressed as mg/dL. 

2.6. Liver histomorphology 

Liver sections were fixed for 72 h in a 20% dimethyl sulphox-

ide (Labsynth, São Paulo, Brazil) and 80% methanol (Alphatec)

solution, with daily replacement. After the fixation process, tis-

sues were embedded in paraffin, sectioned at 5 µm, and stained

with hematoxylin-eosin. Sections per animal were analyzed under

40 × magnification using a Leica DM50 0 0B microscope with Le-

icaQwin V3 software (Leica Microsystems, Wetzlar, Germany), and

images from random fields were captured. Histological evaluation

was performed according to the nonalcoholic fatty liver disease

activity score (NAS), assessing hepatocellular ballooning (0 = none,

1 = few foci, 2 = many foci), steatosis (0 = < 5%, 1 = 5–33%, 2 = 33–66%,

3 = > 66% of hepatocytes affected), and lobular inflammation (0 = no

foci, 1 = 1–2 foci, 2 = 3–4 foci, 3 = > 4 foci) [ 29 , 30 ]. 

2.7. Evaluation of the redox process: antioxidant enzymes and 

markers of oxidative damage 

To assess redox process markers, liver samples were homoge-

nized in phosphate buffer (1:10; 100 mM; pH 7.8) containing 1%

protease inhibitor cocktail (#P8340; Sigma-Aldrich, St Louis, MO,

USA). The total protein was quantified using Lowry’s method [ 31 ].

Superoxide dismutase (SOD) activity was determined via the re-

duction of MTT [3-(4,5-dimethyl-thiazol 2-yl) 2,5-diphenyl tetra-

zolium bromide] by pyrogallic acid in alkaline medium (570 nm)

[ 32 , 33 ], and catalase (CAT) activity by H2 O2 decomposition us-

ing the Lambert-Beer law (240 nm) [ 34 ]. Both were expressed

as U/mg protein. Sulfhydryl groups were measured using Ell-

man’s reagent (DTNB [(5,5′ -dithio-bis-(2-nitrobenzoic acid)]) at

412 nm and expressed as µmol/mg protein [ 35 ]. Oxidative dam-

age markers included protein carbonyls (PCO), quantified via the

2,4-dinitrophenylhydrazine reaction (370 nm) [ 36 ], and malondi-

aldehyde (MDA), measured using the thiobarbituric acid-reacting

substances assay (532 nm) [ 37 ], both of which were expressed as

nmol/mg protein. 

2.8. Determination of protein expression by Western Blot: 

p-AKT(Ser473) and p47phox (Ser359) 

The protein expression of p-AKT(Ser473) and p47phox (Ser359),

was assessed by Western blotting analyses using rabbit-derived

antibodies: anti-phospho-AKT (Ser473) (1:10 0 0, #SAB4504331,

Sigma-Aldrich), anti-AKT (1:10 0 0, #SAB450 0799, Sigma-Aldrich),

anti-p47phox (1:500, #SAB4502810, Sigma-Aldrich), anti-p47-

phospho (Ser359) (1:500, #SAB4504289, Sigma-Aldrich). Liver tis-

sue (30 mg) was homogenized in RIPA buffer (50 mM Tris-HCl, pH
7.4), centrifuged at 12,0 0 0 × g for 40 min, and total protein was

quantified using the Lowry method [ 31 ]. For analysis, 25 µg of total

protein were separated on 10% SDS-PAGE gels and transferred to a

nitrocellulose membrane in a Mini-Protean transfer system (Bio-

Rad, Hercules, CA, USA). The membranes were blocked and incu-

bated overnight with primary antibodies, followed by incubation

with an anti-IgG secondary antibody (1:50 0 0, #4414S, Cell Sig-

naling Technology, Danvers, MA). Protein bands were detected via

chemiluminescence, imaged, and quantified using the ImageJ soft-

ware ( http://rsb.info.nih.gov/ij/ ). Protein expression was normalized

to total protein content assessed by Ponceau S staining after trans-

fer. Densitometric analyses included all biological replicates from

each group, whereas representative Western blot images depict a

single sample per group. Band intensities were corrected to the to-

tal membrane signal, in accordance with Sander et al. [ 38 ]. Phos-

phorylated protein levels were expressed as the ratio of phospho-

rylated to total protein. 

2.9. Gene expression of NLRP3 inflammasome components 

The relative gene expression of the NLRP3 inflammasome com-

ponents ( Nlrp3, Asc [pycard], Caspase-1, Il-1 β , and Il-18) was eval-

uated using the reverse transcription polymerase chain reaction

and real-time quantification (RT-qPCR) technique. Liver samples

(30 mg) were homogenized in Trizol (Invitrogen, Waltham, MA,

USA), and RNA was extracted using chloroform (Sigma-Aldrich),

purified with the SV Total RNA Isolation kit (#Z3105, Promega,

Madison, WI, USA), and treated with DNAse I (Promega). RNA con-

centration and purity were verified by NanoDrop (Thermo Fisher

Scientific, Waltham, MA, USA), with the 260/280 and the 260/230

ratios higher than 1.8 considered ideal. RNA integrity was con-

firmed using 1.2% agarose gel electrophoresis. Complementary DNA

(cDNA) was synthesized from 10 0 0 ng of total RNA using a High-

Capacity cDNA RT kit (Thermo Fisher). Gene expression quantifi-

cation was carried out using the SYBR Green system (Thermo

Fisher) on the ABI 7500 Real-Time PCR System (Applied Biosys-

tems, Foster City, CA, USA). Quantitative RT-PCR was performed

using an initial step at 50 °C for 2 min, followed by enzyme ac-

tivation at 95 °C for 10 min and 40 amplification cycles (95 °C for

15 s 60 °C for 1 min). Melting curve analysis with continuous fluo-

rescence acquisition was performed to confirm amplification speci-

ficity (95 °C for 15 s; 60 °C for 1 min; 95 °C for 30 s and 60 °C for

15 s). Primers were designed using the Primer Design Tool soft-

ware ( https://www.ncbi.nlm.nih.gov/tools/primer-blast/ ), and se-

quences are shown in Table 2 . Primer efficiency and speci-

ficity were validated by melting curve analysis. Gene expression

was normalized to B2m and calculated using the 2- �Cq method

[ 39 ]. 

2.10. Activation of the NLRP3 inflammasome 

To evaluate hepatic inflammasome activation, the caspase-1

enzymatic activity and IL-18 concentration were quantified using

commercial kits. Liver protein extracts were prepared in PBS, and

the supernatant was obtained by centrifugation. Protein concen-

trations were determined by the Lowry method [ 31 ]. Caspase-1

activity was measured using the Caspase 1 Activity Assay Kit (Col-

orimetric Method) (#E-CK-A381; Elabscience, Houston, TX, USA),

following the manufacturer’s instructions. This method is based

on the cleavage of the AC-YVAD-pNA substrate and absorbance

readings at 405 nm, with the results expressed in U/mg protein.

The concentration of IL-18 was determined by chemiluminescence

ELISA using the commercial Rat IL-18 (Interleukin 18) CLIA Kit

(#E-CL-R0401, Elabscience) and was expressed in pg/mL. 
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Table 2 

Primer sequences and characteristics used for RT-qPCR. 

Gene ID Primer Tm %CG 

Nlrp3 NM_001191642.1 F: 5’GGCGAGACCTCTGGGAAAAA3’ 54 55 

R: 5’CTGTCTTCCTGGCACACCAT3’ 54 55 
Asc NM_172322.2 F: 5’CACTCATTGCCAGGGTCACA 3’ 54 55 

R: 5’CACGAACTGCCTGGTACTGT3’ 54 55 

Caspase-1 NM_012762.3 F: 5’GACCGAGTGGTTCCCTCAAG3’ 54 60 
R: 5’GACGTGTACGAGTGGGTGTT3’ 54 55 

Il-1 β NM_031512.2 F: 5’ACCTATGTCTTGCCCGTGGA3’ 55 55 

R: 5’TCGTCATCATCCCACGAGTC3’ 54 55 
Il-18 NM_019165.2 F: 5’AAGAAACCCGCCTGTGTTCG3’ 55 55 

R: 5’GGTCACAGCCAGTCCTCTTA3’ 53 55 

B2m NM_012512.2 F: 5’CGGTGACCGTGATCTTTCTGG3’ 55 57 

R: 5’CGGTGGATGGCGAGAGTACA3’ 56 60 

Abbreviations: Asc, apoptosis-associated speck-like protein containing a CARD domain; B2m, Beta-2-microglobulin; %CG: cytosine - guanine 

content (%); Il-1B, interleukin-1 beta; Il-18, interleukin-18; ID, primer identifier; Nlrp3, NLR family pyrin domain-containing 3 receptor; Tm, 

melting temperature ( °C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.11. Statistical analysis 

Statistical analyses were performed using the GraphPad Prism

software (version 9; GraphPad Software Inc., Irvine, CA, USA). Sam-

ple size (up to 13 animals/ group) was calculated based on the

Lee Index to ensure statistical power of 0.9 ( α = 0.05). Data nor-

mality was assessed using the Shapiro–Wilk test. Parametric data

were expressed as mean ± standard deviation (SD), whereas non-

parametric data (NAS score) were expressed as median and in-

terquartile range (IQR). Two-way analysis of variance (ANOVA) was

used to evaluate the effects of the interaction between litter size

and post-weaning diet, followed by the Bonferroni post hoc test

when appropriate. In the absence of interactions, the main ef-

fects were analyzed independently using the Mann–Whitney U

test. Outliers were identified using the interquartile range method.

Correlations were assessed using Spearman’s test. For nonparamet-

ric data (NAS score), comparisons among groups were performed

using the Kruskal–Wallis test followed by Dunn’s multiple compar-

isons test. P < .05 was considered statistically significant. 

3. Results 

3.1. HSD induces hepatic damage and lipid accumulation after 8 

weeks 

The results are shown in Figure 1 . The post-weaning diet sig-

nificantly influenced the liver enzyme activity ( P < .05). Post hoc

analysis demonstrated a significant difference between the HSD-

CL and STD-CL, while no other pairwise comparisons reached sta-

tistical significance. ALT levels increased by approximately 50% in

the HSD-CL group (59.16 ±22.42) compared to the levels observed

in the STD-CL group (38.57 ±8.09) ( Fig. 1 A). Importantly, no differ-

ences were observed between the HSD-CL and HSD-SL groups, in-

dicating that this effect is primarily driven by the post-weaning

diet and occurs independently of litter size. Similarly, AST ac-

tivity was affected by the post-weaning diet ( P < .05), increasing

∼50% in the HSD-CL group (181.3 ±52.50) relative to the STD-CL

group (121.3 ±29.22). No differences were detected between HSD-

CL and HSD-SL groups, reinforcing that the observed changes are

attributable to diet rather than litter size ( Fig. 1 B). No signifi-

cant differences were observed in relative liver weight ( Fig. 1 C).

In contrast, hepatic lipid content was significantly affected by the

post-weaning diet ( P < .05). The post hoc analysis indicated a differ-

ence between HSD-CL and STD-CL groups, with no additional pair-
wise differences. A 3.4-fold increase was observed in the HSD-CL

group compared to the STD-CL group ( Fig. 1 D). Notably, no dif-

ferences were observed between the HSD-CL and HSD-SL groups,

indicating that lipid accumulation is driven by the post-weaning

diet independently of litter size. The hepatic triacylglycerol levels

were also influenced by the post-weaning diet ( P < .001) ( Fig. 1 E),

with a post hoc analysis showing an increase in the HSD-CL group

(45.94 ±10.78 vs. 22.67 ±9.78) and HSD-SL groups (41.23 ±5.9 vs.

30.1 ±5.9) compared to their respective controls. No differences

were observed between HSD-CL and HSD-SL groups, further sup-

porting that these effects are primarily driven by the post-weaning

diet rather than litter size. Conversely, hepatic cholesterol content

was influenced by litter size and the interaction ( P < .05) ( Fig. 1 E).

Notably, cholesterol levels increased by ∼100% in the STD-SL group

(7.86 ±2.84) and ∼90% in the HSD-CL group (7.22 ±2.40), when

compared to the STD-CL group (3.75 ±2.02) ( Fig. 1 F). 

3.2. SL mitigates hepatic histomorphological alterations induced by 

HSD after 8 weeks 

Liver histomorphology was assessed using the NAFLD activity

score (NAS), as shown in Figure 2 . Although none of the groups

reached an NAS ≥5, which characterizes NAFLD, significant dif-

ferences were observed in total scores. Significant differences in

NAS score were detected by the Kruskal–Wallis test ( P < .001), with

Dunn’s post hoc analysis showing higher values in the HSD-CL

group compared to STD-CL ( P < .001) ( Fig. 2 B). Hepatocellular bal-

looning ( Fig. 2 C) showed a similar pattern ( P < .005 ), as did liver in-

flammation ( Fig. 2 E; P < .05), both exhibiting higher values in HSD-

CL compared to STD-CL. In contrast, steatosis ( Fig. 2 D) did not dif-

fer between groups, with hepatocyte involvement ranging from 5

to 33% in HSD animals. These alterations observed in HSD-CL were

not observed in HSD-SL animals 

3.3. SL attenuates hepatic oxidative damage induced by HSD after 8 

weeks 

To assess oxidative processes in the liver, we analyzed the activ-

ity of endogenous antioxidant enzymes (SOD and CAT), sulfhydryl

group concentrations, and oxidative damage markers (PCO and

MDA levels). SOD activity ( Fig. 3 A) was significantly affected by

the interaction between SL size and post-weaning diet ( P < .05),

with a ∼30% reduction in the HSD-SL group (1.46 ±0.30) com-

pared to the STD-SL (2.14 ±0.58), and ∼28% compared to the HSD-

CL (2.04 ±0.38). A similar pattern was observed for CAT activ-
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Fig. 1. HSD induces hepatic damage and the lipid accumulation after 8 weeks. (A) Alanine aminotransferase (ALT); U/mL (STD-CL = 6); (STD-SL = 6); (HSD-CL = 6); (HSD-SL = 6). 

(B) Aspartate aminotransferase (AST); U/mL (STD-CL = 8); (STD-SL = 8); (HSD-CL = 8); (HSD-SL = 8). (C) Liver-to-body weight ratio, g/g (STD-CL = 11); (HSD-CL = 13); (STD-SL = 12); 

(HSD-SL = 13). (D) Percentage of hepatic lipids (STD-CL = 4); (HSD-CL = 4); (STD-SL = 5); (HSD-SL = 6). (E) Hepatic triacylglycerol; mg/dL (STD-CL = 8); (HSD-CL = 7); (STD-SL = 6); 

(HSD-SL = 9). (F) Hepatic cholesterol; mg/dL (STD-CL = 8); (HSD-CL = 7); (STD-SL = 6); (HSD-SL = 8). Data normality was assessed using the Shapiro–Wilk test. Parametric data are 

represented as mean ±SD and are represented using bar graphs, whereas nonparametric data are presented as median with interquartile range (IQR) and are illustrated with 

box plots. Pups were analyzed individually as independent experimental units. The effects of litter size and post-weaning diet were assessed by two-way ANOVA, followed by 

the Bonferroni post hoc test when interaction was observed. To evaluate the main effects independently (litter size and/or post-weaning diet), post hoc mean comparison tests 

were conducted to identify specific differences between the groups. CL, control litter; HSD, high-sucrose diet; SL, small litter; STD, standard diet. ∗P < .05; ∗∗P < .01; ∗∗∗P < .001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ity ( Fig. 3 B), which was influenced by the interactions between

these factors ( P < .05). The HSD-SL group exhibited a significant de-

crease of ∼35% (179.5 ± 42.81) relative to both the STD-SL group

(275.3 ±101.0) and the HSD-CL group (281.9 ±77.47). Regarding non-

enzymatic antioxidant capacity, the concentration of sulfhydryl

groups ( Fig. 3 F) was reduced by the post-weaning diet ( P < .05),

with a ∼30% decrease in the HSD-SL group (56421 ±15294) com-

pared to STD-SL (78990 ±19117). 

Among the oxidative damage markers, the PCO levels ( Fig. 3 D)

were significantly affected by the interaction between the variables

( P < .05). The HSD-CL group showed a ∼40% increase (2.64 ±0.57)

compared to the STD-CL group (1.83 ±0.47), while the HSD-SL

group presented a ∼30% reduction (1.90 ±0.44) relative to HSD-CL.

Similarly, MDA levels ( Fig. 3 E) were elevated in the HSD-CL group

by ∼45% (0.25 ±0.06) compared to STD-CL (0.17 ± 0.032), and were

reduced by ∼35% in the HSD-SL group (0.16 ±0.04) in comparison

to HSD-CL group. 

3.4. SL mitigates p47phox (Ser359) phosphorylation induced by HSD 

associated with oxidative damage and reveals an interaction effect on

p-AKT (Ser473) expression 

Given the link between the redox process, NOX activation, and

hepatic IR, we assessed NOX complex activation through phospho-
rylation of the p47phox subunit at Ser359 [p47phox (Ser359)] and

phosphorylation of AKT at Ser473 [p-AKT(Ser473)]. As shown in

Figure 4 , p47phox (Ser359) phosphorylation ( Fig. 4 A) was influ-

enced by litter size ( P < .05) and the interaction between the vari-

ables ( P < .05). HSD markedly increased phosphorylation in the con-

trol group (HSD-CL: 2.19 ±0.75), representing a 100% rise compared

to STD-CL (1.10 ±0.70). However, this increase was significantly at-

tenuated in the HSD-SL group (0.60 ±0.70), showing a ∼72.5% re-

duction relative to HSD-CL. p-AKT(Ser473) ( Fig. 4 B) was influenced

by the interaction between variables (litter size and post-weaning

diet) ( P < .05), although no significant differences were detected

among groups in the post hoc analysis. 

3.5. SL attenuates caspase-1 activation induced by HSD and reduces 

IL-18 levels 

In order to investigate the role of the NLRP3 inflammasome

in our experimental conditions, we analyzed the hepatic expres-

sion of genes encoding key components of the oligomeric com-

plex [ Nlrp3, Asc (Pycard), Caspase-1, Il-1 β , and Il-18 ] using reverse

transcription polymerase chain reaction and real-time quantifica-

tion. Additionally, inflammasome activation was assessed based

on caspase-1 enzymatic activity and hepatic IL-18 concentra-

tion. These findings are presented in Figures 5 and 6 , respec-
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Fig. 2. SL mitigates hepatic histomorphological alterations induced by HSD after 8 weeks. (A) Representative histological sections of hepatocytes stained with hematoxylin- 

eosin (H&E) from each histological group (a: STD-CL; b: STD-SL; c: HSD-CL; d: HSD-SL). Thick arrows denote inflammatory infiltrates, thin arrows denote hepatocyte ballooning, 

and red arrows denote areas of macrovesicular steatosis. Scale bar = 50 µm. Images were captured with a 40 × objective (field area of 215 × 161 µm2 ) using a Leica DM50 0 0B 

microscope with a digital camera. (B) NAS (STD-CL = 11); (STD-SL = 12); (HSD-CL = 10); (HSD-SL = 12); (C) Hepatocyte ballooning (STD-CL = 11); (STD-SL = 12); (HSD-CL = 12); (HSD- 

SL = 11); (D) Steatosis (STD-CL = 11); (STD-SL = 12); (HSD-CL = 13); (HSD-SL = 13); (E) Lobular inflammation (STD-CL = 11); (STD-SL = 12); (HSD-CL = 12); (HSD-SL = 11). Data normality 

was assessed using the Shapiro–Wilk test. Nonparametric data are presented as median with interquartile range (IQR) and are illustrated with box plots. Pups were analyzed 

individually as independent experimental units. Group comparisons were performed using the Kruskal–Wallis test with Dunn’s post hoc test. CL, control litter; HSD, high- 

sucrose diet; IQR, interquartile range; NAS, nonalcoholic fatty liver disease activity score; SL, small litter; STD, standard diet. ∗P < .05; ∗∗P < .01; ∗∗∗P < .001. 
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Fig. 3. SL attenuates hepatic oxidative damage induced by HSD after 8 weeks . A) Superoxide dismutase (SOD), U/mg protein (STD-CL = 7); (STD-SL = 8); (HSD-CL = 8); (HSD- 

SL = 6); B) Catalase (CAT), U/mg protein (STD-CL = 8); (STD-SL = 8); (HSD-CL = 8); (HSD-SL = 7); C) Sulfhydryl groups, µmol/mg protein (STD-CL = 8); (STD-SL = 8); (HSD-CL = 7); 

(HSD-SL = 7). D) Protein carbonyls (PCO), nmol/mg protein (STD-CL = 8); (STD-SL = 7); (HSD-CL = 7); (HSD-SL = 6); E) Malondialdehyde (MDA), nmol/mg protein (STD-CL = 6); (STD- 

SL = 7); (HSD-CL = 5); (HSD-SL = 6). Data normality was assessed using the Shapiro–Wilk test. Parametric data are represented as mean ±SD and using bar graphs. Pups were 

analyzed individually as independent experimental units. The effects of litter size and post-weaning diet were assessed by two-way ANOVA, followed by the Bonferroni post 

hoc test. To evaluate the main effects independently (litter size and/or post-weaning diet), post hoc mean comparison tests were conducted when no interaction was observed. 

CL, control litter; STD, standard diet; HSD, high-sucrose diet; SL, small litter. ∗P < .05; ∗∗P < .01. 

Fig. 4. SL mitigates p47phox (Ser359) phosphorylation induced by HSD associated with oxidative damage and reveals an interaction effect on p-AKT (Ser473) expression. (A) 

Protein expression of p-p47phox(Ser359)/p47phox (STD-CL = 5); (STD-SL = 6); (HSD-CL = 4); (HSD-SL = 4). (B) Protein expression of p-AKT(Ser473)/AKT (STD-CL = 5); (STD-SL = 6); 

(HSD-CL = 5); (HSD-SL = 4). Protein expression was normalized to total protein content assessed by Ponceau S staining after membrane transfer. Densitometric analyses included 

all biological replicates, whereas representative blots show one sample per group. Phosphorylated protein levels are expressed as the ratio of phosphorylated to total protein. 

Data normality was assessed using the Shapiro–Wilk test. Parametric data are represented as mean ±SD and using bar graphs. Pups were analyzed individually as independent 

experimental units.The effects of litter size and post-weaning diet were assessed by two-way ANOVA, followed by the Bonferroni post hoc test. To evaluate the main effects 

independently (litter size and/or post-weaning diet), post hoc mean comparison tests were conducted when no interaction was observed. p-p47phox(Ser359), anti-phospho- 

p47phox (Ser359); p-AKT(Ser473), anti-phospho-AKT (Ser473); CL, control litter; HSD, high-sucrose diet; SL, small litter; STD, standard diet. ∗P < .05; ∗∗P < .01; ∗∗∗P < .001. 
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Fig. 5. SL attenuates Caspase-1 upregulation induced by HSD within the hepatic NLRP3 inflammasome pathway. (A) Nlrp3 (STD-CL = 7); (STD-SL = 5); (HSD-CL = 6); (HSD-SL = 8 ); 

( B) Asc (STD-CL = 8); (STD-SL = 5); (HSD-CL = 6); (HSD-SL = 8 ); C) Caspase-1 (STD-CL = 8); (STD-SL = 5); (HSD-CL = 6); (HSD-SL = 9 ); D) Il-1B (STD-CL = 7); (STD-SL = 5); (HSD-CL = 6); 

(HSD-SL = 8 ); E) Il-18 (STD-CL = 7); (STD-SL = 5); (HSD-CL = 6); (HSD-SL = 9). Expression profiles were assessed in the STD and HSD groups from 8 weeks of consumption using the 

2- �Cq method. The relative gene expression of B2m was used as the reference gene. Data normality was assessed using the Shapiro–Wilk test. Parametric data are represented 

as mean ±SD and using bar graphs, whereas nonparametric data are presented as median with interquartile range (IQR) and are illustrated with box plots. Pups were analyzed 

individually as independent experimental units. The effects of litter size and post-weaning diet were assessed by two-way ANOVA, followed by the Bonferroni post hoc test. 

To evaluate the main effects independently (litter size and/or post-weaning diet) post hoc mean comparison tests were conducted when no interaction was observed. Asc , 

apoptosis-associated speck-like protein containing a CARD domain; CL, control litter; HSD, high-sucrose diet; Il-1B , interleukin-1 beta; Il-18 , interleukin-18; IQR, interquartile 

range; Nlrp3 , NLR family pyrin domain-containing 3 receptor; STD, standard diet; SL, small litter. ∗P < 0,05. 

Fig. 6. SL attenuates caspase-1 activation induced by HSD and reduces IL-18 levels. (A) Caspase-1 activity in the liver; U/mg protein (STD-CL = 6); (STD-SL = 9); (HSD-CL = 6); 

(HSD-SL = 9). (B) Hepatic concentration of IL-18; pg/mL (STD-CL = 7); (STD-SL = 9); (HSD-CL = 6); (HSD-SL = 9). Data normality was assessed using the Shapiro–Wilk test. Parametric 

data are represented as mean ±SD and using bar graphs. Pups were analyzed individually as independent experimental units. The effects of litter size and post-weaning diet 

were assessed by two-way ANOVA, followed by the Bonferroni post hoc test. To evaluate the main effects independently (litter size and/or post-weaning diet), post hoc mean 

comparison tests were conducted when no interaction was observed. CL, control litter; HSD, high-sucrose diet; SL, small litter; STD, standard diet. ∗P < .05; ∗∗P < .01; ∗∗∗P < .001. 
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tively. Among the inflammasome-related genes, Caspase-1 expres-

sion ( Fig. 5 C) was significantly influenced by litter size ( P < .05),

post-weaning diet ( P < .05), and the interaction between variables

( P < .05). The HSD-CL group exhibited a marked upregulation of

Caspase-1 ( ∼270%) compared to the STD-CL group (0.0 052 ±0.0 025

vs. 0.0 014 ±0.0 015). Notably, this increase was significantly attenu-

ated in the HSD-SL group (0.0 019 ±0.0 017), representing a reduc-

tion of ∼60% relative to the HSD-CL group. IL-1 β mRNA levels

were not IL-1 β mRNA levels were not consistently detectable in

the majority of samples under the experimental conditions; there-

fore, protein expression analysis was not performed. 

A similar pattern was observed in caspase-1 enzymatic activ-

ity ( Fig. 6 A), which was influenced by litter size ( P < .001) and

post-weaning diet ( P < .01). The STD-SL (11.7 ±2.5) group showed

a decrease of ∼20% in caspase activity compared to STD-CL

(14.66 ±1.76), whereas HSD-SL (14.33 ±2.36) showed an increase of

22% (compared to STD-SL). The HSD-CL group (19.12 ±3.97) exhib-

ited a ∼30% increase in activity compared to the STD-CL group.

This increase was attenuated in the HSD-SL group (14.33 ±2.36),

which presented values ∼25% lower than HSD-CL. This enzy-

matic activity was directly reflected in hepatic IL-18 concentra-

tion ( Fig. 6 B), which was also modulated by litter size ( P < .01). SL

reduced IL-18 levels by a ∼15.7% decrease in the HSD-SL group

(8312 ±1063) compared to the HSD-CL group (9860 ±1322). 

4. Discussion 

Our study demonstrated that exposure to the SL model dur-

ing early life may protect against liver injury induced by a post-

weaning HSD in young rats. Although the harmful effects of ex-

cessive sucrose intake on hepatic health are well documented, our

results suggest that SL may attenuate adverse hepatic changes in-

duced by HSD, even in the presence of mild and heterogeneous

steatotic alterations. This protective effect was reflected in NAS,

hepatocellular ballooning, and inflammation, as the adverse ef-

fects of HSD observed in CL animals were mitigated in SL ani-

mals. Importantly, these findings should be interpreted within the

context of a sucrose-enriched dietary pattern, reflecting a broader

metabolic response to the dietary matrix rather than to isolated

exposure to purified sucrose. 

We suggest that the protective effects of SL are mechanistically

linked to the attenuation of oxidative stress, as evidenced by the

reduced phosphorylation of the NOX subunit p47phox (Ser359).

We also observed reduced activation of the NLRP3 inflammasome,

as indicated by decreased caspase-1 activity and lower hepatic

IL-18 levels. Furthermore, hepatic p-AKT (Ser473) expression ap-

peared to be modulated by the interaction between litter size and

post-weaning diet, suggesting that early-life nutritional program-

ming may shape hepatic insulin signaling responses to later dietary

challenges, even in the absence of significant differences among in-

dividual groups. 

In this study, we demonstrated liver injury induced by HSD

in rats after 8 weeks, as evidenced by elevated ALT and AST lev-

els. Despite no significant changes in relative liver mass, HSD con-

sumption markedly increased hepatic lipid content, cholesterol,

and TAG levels. These biochemical changes likely contribute to his-

tological alterations such as hepatocellular ballooning and lobu-

lar inflammation, despite only mild and heterogeneous steatotic

changes. 

Our findings are consistent with previous reports showing that

isocaloric diets rich in simple carbohydrates can lead to glucose

intolerance and IR in Wistar rats [ 24 , 40 , 41 ]. Chronic HSD expo-

sure ( e.g. , 18 weeks) induces hepatic injury, alters the lipidome,

and impairs fatty acid oxidation [ 42 ]. This process, driven by the

activation of lipogenic transcription factors such as sterol regu-
latory element-binding protein 1c (SREBP-1c) and carbohydrate-

responsive element-binding protein (ChREBP) [ 43–45 ], promotes

hepatic TAG accumulation and elevates cholesterol levels, leading

to histological changes, including ballooning and microvesicular

steatosis, even in the absence of inflammation, as observed in Wis-

tar male rats after 18 weeks of HSD [ 42 ]. Similar to our observa-

tions, Oliveira et al. [ 46 ] reported that 8 weeks of HSD in C57BL/6

male mice induced both macro- and microvesicular steatosis, along

with increased inflammatory cytokines. Time-dependent changes

in the hepatic morphology following sucrose exposure have con-

sistently been linked to de novo lipogenesis [ 47 , 48 ]. Hepatocellu-

lar ballooning, which is frequently associated with oxidative stress,

lipid accumulation, cytoskeletal disruption, and lipid peroxidation,

is a key histological marker of hepatic injury [ 49 , 50 ]. In our study,

elevated ALT and AST levels further supported hepatocyte damage

after 8 weeks of HSD, helping to explain the underlying mecha-

nism observed in the HSD-CL group [ 51 ]. 

Our results also show that early postnatal overnutrition induced

by the SL model modulates MI and influences hepatic outcomes in

response to post-weaning HSD. Most previous studies on hetero-

geneity agree that early life overnutrition affects liver metabolism,

oxidative balance, and insulin sensitivity [ 16 , 20 , 52 , 53 ]. Notably, SL

modifies milk composition and macronutrient content, with long-

lasting effects on offspring metabolic trajectories [ 53 , 54 ]. 

Interestingly, in our study, SL alone increased the hepatic total

cholesterol levels in standard chow-fed animals, which is consis-

tent with previous reports [ 55 ]. However, SL did not increase the

total lipid percentage or aminotransferase levels, and histological

evaluation showed no changes in ballooning and inflammation. Al-

though HSD increased these indices in CL animals, this effect was

not evident in SL animals, suggesting that HSD-induced histological

alterations were not observed. This pattern was consistent across

both parametric and nonparametric analyses, even though inter-

action effects cannot be formally assessed using the latter. These

findings suggest a protective or adaptive role of early life MI in

mitigating diet-induced hepatic stress [ 24 ]. The varied outcomes

across studies are likely related to differences in litter size, tim-

ing of assessments, and diet duration, underscoring the context-

dependent nature of the SL effects [ 16 ]. Under the evaluated condi-

tions, our results support a potential beneficial effect of early post-

natal exposure to SLs in HSD-fed animals for 8 weeks. 

Critical nutritional changes are closely associated with oxidative

stress, a key contributor to metabolic dysfunctions such as IR and

diabetes [ 56 ]. Diets rich in simple sugars, particularly sucrose, can

promote ROS generation through NOX activation, thus exacerbat-

ing inflammation and IR progression [ 56 , 57 ]. In line with this, our

previous work demonstrated that 8 weeks of HSD-induced IR and

disrupted oxidative balance in muscles, reducing SOD activity and

increasing PCO [ 40 , 41 ]. 

In the present study, HSD-CL animals exhibited a hepatic ox-

idative imbalance, as evidenced by increased MDA and PCO levels.

This was concomitant with phosphorylation of the NOX subunit

p47phox (Ser359), a modification known to enhance ROS produc-

tion and promote lipid and protein oxidation [ 10 , 58 ]. This mech-

anism aligns with reports linking free fatty acid-induced ROS and

PKC δ-mediated p47phox phosphorylation to proinflammatory sig-

naling in IR, with NOX inhibition shown to mitigate this cycle [ 59 ].

Interestingly, HSD-SL animals displayed attenuated oxidative

damage despite decreased sulfhydryl groups and slight reductions

in SOD and CAT activities. Considering the complexity of redox reg-

ulation, we hypothesized that reduced ROS-driven NOX activation

through p47phox phosphorylation contributes to this effect. This

mechanism could be associated with the lower levels of oxidative

damage markers observed in this group compared to the HSD-CL

group. The diminished enzymatic activity may be partly explained
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by reduced ROS production, and potentially by other regulatory

mechanisms not assessed in this study, with alternative antioxi-

dant pathways possibly involved [ 60 ]. 

These findings suggest that early life MI via SL modulates NOX

activity and mitigates ROS-mediated injury, as reflected by the

lower phosphorylated p47phox(Ser359) protein levels in the HSD-

SL group. This protective effect contrasts with that of previous

studies that reported SL-induced oxidative stress during early post-

natal life (first 21 d), which reduced antioxidant enzyme activity

and increased oxidative markers in young rats [ 20 , 21 ]. Together,

these observations underscore the complex and context-dependent

nature of the effect of SL on redox homeostasis, suggesting that the

timing, duration, and nutritional context of SL exposure, as well

as the compensatory adaptive mechanisms, critically determine

whether SL promotes oxidative stress or confers protective effects

later in life. Further studies are required to elucidate the precise

molecular pathways and temporal dynamics underlying this dual

effect. 

One limitation of the present study was the use of the thio-

barbituric acid-reacting substances assay; nevertheless, it remains

widely employed for MDA quantification because of its method-

ological reproducibility and viability [ 8 , 32 , 60 , 61 ]. The lower NAS,

reduced ballooning, and diminished inflammation observed in the

HSD-SL group, along with the specific liver damage markers, sup-

port the hypothesis that the SL model may mitigate hepatic oxida-

tive stress and injury induced by HSD. However, further studies are

needed to confirm and clarify these protective effects. 

Sustained hyperglycemia in Kupffer cells promotes lipid dysreg-

ulation and activates the NLRP3 inflammasome, partly through in-

creased ROS production [ 62 ]. This process triggers the dissociation

of TXNIP from TRX and consequently upregulates the expression

of inflammatory genes in the liver [ 61–63 ]. NLRP3 inflammasome

activation, a two-stage process, responds to hyperglycemia and

oxidative stress, relying on the expression of Nlrp3, Asc, and

Caspase-1 , leading to the release of IL-1 β and IL-18 [ 62,64,65 ]. Our

previous results showed that HSD-CL animals exhibited systemic

IR and increased oxidative damage, whereas SL attenuated these

effects [ 24 ]. In the present study, HSD-CL livers showed elevated

NOX expression, increased Caspase-1 gene expression, and enzy-

matic activity, directly linking metabolic dysfunction to liver injury.

In contrast, SL animals displayed reduced Caspase-1 expression

and activity in both the STD-SL and HSD-SL groups, which was

accompanied by lower hepatic IL-18 levels in the HSD-SL animals.

This suggests that early life MI via SL can modulate inflammasome

activation and mitigate hepatic inflammation induced by HSD. 

Only a few studies have investigated NLRP3 inflammasome ac-

tivation in SL models. These studies have reported associations be-

tween SL and IR, noting increased NF- κB expression and NLRP3

activation and IL-1 β , ultimately contributing to IRS1 phosphory-

lation at Ser307 and IR in female Wistar rats treated with 5 α-

dihydrotestosterone [ 66 ]. Similarly, NLRP3 activation associated

with IR was observed in the hearts of C57BL/6 mice from SLs of

three pups, potentially involving TXNIP upregulation [ 67 ]. Notably,

these changes were not detected immediately after weaning, which

highlights the importance of temporal assessments. Discrepancies

across studies may be explained by differences in species, litter

size, sex, tissue type, duration, and type of post-weaning inter-

vention, and timing of analysis, all of which may have significant

metabolic implications. Our findings indicate that both the timing

and type of post-weaning intervention play a crucial role in the

metabolic and inflammatory outcomes associated with SL in young

adult Wistar rats fed an HSD for 8 weeks. 

Importantly, increased proinflammatory cytokines contribute to

cell pyroptosis and IR by disrupting the IRS/PI3K/AKT axis, includ-

ing lower phosphorylation of AKT at Ser473 [ 14 , 68 , 69 ]. In a pre-
vious study, we demonstrated that SL protected HSD-fed animals

from IR in the interscapular brown adipose tissue by upregulat-

ing p-AKT (Ser473) expression [ 24 ]. In the present study, SL al-

tered p-AKT (Ser473) expression in the HSD-fed group, suggesting

a modulatory effect on the insulin signaling pathway, although no

statistically significant differences were detected in post hoc com-

parisons. Notably, within the STD-SL group, p-AKT (Ser473) expres-

sion was inversely correlated with p-p47phox (Ser359) phosphory-

lation (R =−0.8857, P = .033; data not shown). Although based on

a limited within-group analysis, this observation may suggest an

inverse association between redox-markers signaling and AKT acti-

vation, without implying causality. The phosphorylation of AKT at

serine 473, mediated by mTORC2, plays a central role in hepatic

insulin sensitivity [ 60 , 70 , 71 ]. In the context of early-life nutritional

programming, the association observed in the STD-SL animals may

reflect a modulation of hepatic insulin signaling by redox status.

Nevertheless, further studies are warranted to clarify whether NOX

activation directly influences AKT phosphorylation and its down-

stream pathways in this model. 

To our knowledge, this study offers additional evidence in-

dicating that MI induced by SL may attenuate adverse hepatic

changes, including the modulation of pathways such as redox im-

balance and NLRP3 inflammasome activation triggered by HSD ex-

posure. Our findings indicate a complex interplay between hep-

atic morphological alterations, lipid accumulation, oxidative stress,

NADPH oxidase activation via p47phox (Ser359) phosphorylation,

and NLRP3 inflammasome activation, along with a global ef-

fect on p-AKT (Ser473) signaling. These findings suggest that the

metabolic plasticity exerted by SL is more complex and context-

dependent than previously reported, particularly in the context of

post-weaning exposure to a deleterious diet. Overall, SL-induced

MI may provide adaptive benefits in response to early-life dietary

challenges, although these effects are nuanced and influenced by

multiple factors. 

5. Limitations of the study 

Some limitations should be considered, including the inclu-

sion of only male rats, which restricts extrapolation to females, in

whom sex-specific differences in metabolism are well documented.

Additionally, the variability of findings associated with litter size

and the complexity of antioxidant pathways reinforce the need for

future studies to include female animals in order to assess sex-

specific responses to SL and HSD exposure, thereby enhancing our

understanding of sexual dimorphism in early life MI. Another lim-

itation of the present study is the absence of IL-1 β protein quan-

tification. Because IL-1 β mRNA levels were not consistently de-

tectable in the majority of samples under the experimental condi-

tions, protein analysis was not pursued, and inflammasome-related

outcomes were therefore assessed primarily through IL-18, which

was selected due to its recognized immunometabolic relevance

in hepatic tissue [ 72 ]. Finally, we acknowledge that our findings

raise new questions and warrant further investigation, particularly

regarding the elucidation of AKT downstream pathways and the

metabolic responses arising from the interaction between SL and

sucrose-enriched dietary intake. 

6. Conclusion 

In summary, these findings suggest that early life nutritional

modulation through SL may beneficially influence metabolic out-

comes in animals exposed to HSD. SL-induced MI appears to atten-

uate hepatic oxidative stress and inflammasome activation, which

are hallmarks of diet-induced liver alterations, highlighting reduc-

tions in NOX p47phox(Ser359) expression, caspase-1 activity, and
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IL-18 levels. These findings align with the DOHaD framework, sug-

gesting that metabolic flexibility acquired early in life may offer

resilience against nutritional insults later in development. Despite

the limitations of this study and the need for further research, our

results suggest that the SL is a valuable experimental model for

exploring preventive strategies against metabolic dysfunction. 

Glossary 

AKT, protein kinase B; ALT, alanine aminotransferase; AST, as-

partate aminotransferase; CAT, catalase; CL, control litter; DMSO,

dimethyl sulfoxide; DOHaD, developmental origins of health and

disease; HOMA-IR, homeostatic model assessment of insulin resis-

tance; HSD, high-sucrose diet; IL-18, interleukin 18; IL-1 β , inter-

leukin 1 beta; IR, insulin resistance; IRS1, insulin receptor substrate

1; MASLD, metabolic dysfunction-associated steatotic liver disease;

MDA, malondialdehyde; MI, metabolic imprinting; NAS, nonalco-

holic fatty liver disease activity score; NLRP3, NOD-like receptor

family pyrin domain-containing 3; NOX, NADPH oxidase; PCO, pro-

tein carbonyls; RIH, hepatic insulin resistance; ROS, reactive oxygen

species; SL, small litter size; SOD, superoxide dismutase; STD, stan-

dard diet; TBARS - substances that react with thiobarbituric acid;

TAG, triacylglycerol. 
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