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1. INTRODUCTION

Intrauterine Growth Restriction (IUGR) is a pathological state in which the fetus does not reach its
genetically predetermined growth potential, usually being defined as having a birth weight below the 10th percentile for
the gestational age (1). This pregnancy complication is linked to impaired development and function of the fetal organs.
IUGR raises the chance of preterm birth, stillbirth, neonatal morbidity, and long-term metabolic disorders, such as
cardiovascular disease and type 2 diabetes mellitus (2). There is now evidence showing that IUGR leads to long-term
metabolic programming, impacting vital organs like the liver and making the offspring susceptible to metabolic dysfunction
later in life

The rate at which IUGR occurs all over the world differs greatly, there being strong variations between
high-income countries and those that have a low or middle socioeconomic status. In areas with a high socioeconomic
status the rate of IUGR is about 3-9%, whereas in areas of lower socioeconomic status it can go as high as 30%. In
developing regions maternal undernutrition is a major risk factor since insufficient intake of nutrients hampers
placental function and thus limits fetal growth. In Indonesia the neonatal mortality rate linked to IUGR is 44.7 /1,000 live
births, and about 61% of the infants affected die within the first 90 days of life. Moreover, 66.2% of neonatal deaths take
place among babies weighing less than 2,500 grams, many of whom are either IUGR cases or premature
These epidemiological figures show how urgently effective prenatal nutritional interventions are needed in order to reduce
the bad outcomes of IUGR.

On a mechanistic level, it has been found that IUGR is linked to increased oxidative stress and inflammatory
signaling, both of which lead to structural and metabolic disorders of the liver (5). Experimental studies have shown that
fetuses suffering from IUGR become insulin resistant in the liver while in the uterus, leading to higher levels of glucose
production in the liver and an increased risk of developing type 2 diabetes and non-alcoholic fatty liver disease (NAFLD)
later in life (6). In IUGR, inflammatory mediators, especially tumor necrosis factor-alpha (TNF-a), are often elevated and
are connected to the activation of inflammatory transcription pathways such as nuclear factor kappa B (NF-kB). The
activation of these pathways causes oxidative stress, vascular inflammation and tissue damage (7). This mechanism is at
the heart of the development of placental dysfunction, encompassing both preeclampsia and IUGR. Activation of NF-kB
results in oxidative stress, vascular inflammation and endothelial dysfunction, all of which worsen placental insufficiency
and fetal growth restriction

Folic acid is necessary for DNA synthesis and methylation via one-carbon metabolism and has been found to reduce
oxidative stress and inflammatory reactions in cases of pregnancy complications . Because it affects the availability
of methyl donors, folic acid can influence the regulation of genes that are involved in inflammatory and metabolic pathways
and thus contribute to improved placental and fetal outcomes . In Indonesia folic acid supplementation is routinely
recommended as part of antenatal care because of its proven benefits for both maternal and fetal health

Aside from taking conventional supplements, natural bioactive compounds have recently been regarded as possible
complementary methods for the management of inflammatory and metabolic disorders. Saffron (Crocus sativus L.) contains
a number of bioactive components, such as crocin, crocetin, and safranal, which have shown antioxidant and anti-
inflammatory effects in experimental studies . It has been stated that these compounds are able to decrease
oxidative stress and affect inflammatory mediators including TNF-a and other pro-inflammatory cytokines .Asa
result, saffron might have the potential to lessen the inflammatory and oxidative processes linked with nutrient restriction
during pregnancy.

Saffron was chosen for this study not only because of its biological properties, but because of the strong
antioxidant and anti-inflammatory effects of its active compounds, namely crocin, crocetin, and safranal, which could help
counteract the oxidative stress and inflammatory pathways involved in the development of IUGR. There is now evidence to
indicate that saffron might act as a promising nutraceutical for disorders characterized by chronic inflammation and
oxidative tissue damage. This is especially pertinent in Southeast Asia, where maternal undernutrition is a major public
health problem and a key factor in poor fetal growth. Even though folic acid remains the standard prenatal supplement
because of its low cost, proven effectiveness, and wide availability, looking at the effects of saffron when used together with
folic acid could provide useful information about the possible role of other bioactive substances in reducing hepatic injury
linked to IUGR

The potential of saffron to reduce hepatic injury and inflammatory responses in cases of IUGR has still not been
adequately investigated. Furthermore, there are very few studies that have directly compared the effects of saffron with
well-established prenatal interventions such as folic acid in experimental models of IUGR. For this reason, the present study
was carried out with the aim of looking at the effects of giving saffron to the mother as opposed to giving folic acid on birth
weight, the expression of TNF-a in the liver, and the liver histopathology in a rat model of IUGR induced by diet. On the
basis of these results, the study hopes to give some early indications as to the possible value of saffron as a complementary
nutritional intervention for reducing the hepatic inflammation and structural damage associated with IUGR. We believed
that giving the mothers saffron would lead to a reduction in hepatic inflammation and structural liver damage in the
offspring of the IUGR rats, even if its effects were different from those of folic acid.
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2. MATERIALS AND METHODS

The Local Ethics Committee for animal experiments at Universitas Airlangga approved the study (approval number
290/EC/KEPK/FKUA/2023). Forty adult female Wistar albino rats (8-10 weeks old) and eight adult male rats were
obtained from the Faculty of Veterinary Medicine, Universitas Airlangga, Surabaya, Indonesia. Each experimental group
consisted of 10 pregnant does (n = 10 each group). To prevent pseudo-replication and ensure statistical independence, one
pup from each litter was randomly selected for histological and molecular analysis. Sample size was determined based on
previous studies investigating dietary-restriction-induced intrauterine growth restriction (IUGR) and hepatic
inflammatory responses in rodent models, which used similar group sizes to detect significant differences in birth weight
and inflammatory markers. Animals were housed under controlled conditions: temperature at 22 + 2 °C, relative humidity
at 55 £ 10%, and a 12:12 hour light/dark cycle. During acclimatization, rats were housed individually in polycarbonate
cages with ad libitum access to food and water. After pregnancy confirmation, does remained under these conditions. For
mating, females were paired with males at a 2:1 ratio following a 7-day acclimatization period. Vaginal plugs were checked
daily at 7:00 a.m., and cages were inspected for dislodged plugs. The day a vaginal plug was detected was designated as
gestational day 0. Pregnant does were randomly assigned to experimental groups using a computer-generated random
number sequence

To minimize observational bias, personnel conducting histopathological scoring and immunohistochemical analysis
were blinded to group assignments during data acquisition and analysis. Intrauterine growth restriction (IUGR) was
induced by restricting the maternal diet to 50% of the normal daily intake. This approach is a well-established experimental
model for fetal growth restriction and metabolic programming in rodents, as it leads to placental insufficiency and impaired
fetal growth

2.1. Pharmacological Agents and Experimental Design

This study utilized a controlled in vivo design involving pregnant Wistar rats (Rattus norvegicus) to
develop an intrauterine growth restriction (IUGR) model through maternal dietary restriction . Female rats aged 8-10
weeks were mated with males of the same strain . When the pregnancies were confirmed, the dams were at random
allocated to four groups: 1) the control group (given the standard diet), 2) the IUGR group (with a 50% restriction of their
diet), 3) the IUGR group treated with folic acid, and 4) the IUGR group treated with saffron extract. Each group included 10
pregnant dams (n = 10 dams each group), and from each litter one pup was randomly chosen for analysis in order to ensure
statistical independence.

The IUGR model was produced by offering 50% of the standard diet (15 g/day) ad libitum from gestational day 1 to
day 21, using BR-1 standard pellets (Pokphand 511, Indonesia) which contained 21-23% protein, 5-8% fat, and 2,800-
3,100 kcal/kg . Drinking water was provided ad libitum from a municipal supply.

The saffron extract was obtained from Piping Rock® Supreme Saffron Extract (88.5 mg/capsule, 2:1
extract equivalent to 177 mg saffron stigma) and was standardized to contain the active compounds crocin, safranal,
and picrocrocin. A suspension was made fresh each day in a mixture of 0.5% carboxymethylcellulose sodium (CMC-Na)
and distilled water. Folic acid (Novapharin Pharmaceutical Industries, Indonesia) was also suspended in a CMC-Na
solution. All the groups, including the control group, received the same vehicle in order to rule out any effects of the

solvent.

Both substances were given once a day by oral gavage at a volume of 1 mL/200 g of body weight. The saffron extract
was administered at a dose of 15.68 mg/kg body weight / day, this being calculated from the human equivalent dose (177
mg/70kg/day) and adjusted for rats .Folic acid was given ata dose of 1.5 mg/kg body weight per day, this being derived
from the effective dose in mice of 3 mg/kg/day using standard methods for translating doses between species
These doses were chosen on the basis of previous evidence regarding both efficacy and safety and stay well below the
reported toxicity levels.

2.2. Histological Preparation

On day 21 after birth the pups were euthanized by cervical dislocation, a technique which is regarded as
suitable for use on small rodents in line with the AVMA guidelines and one that was carried out solely by
qualified personnel. After euthanasia the liver tissues were carefully removed, and samples were consistently taken from
the central area of the right hepatic lobe in order to ensure reproducibility. Each sample was then processed in
the same way.

The tissues were left in 10% neutral-buffered formalin for 24 to 48 hours, then dehydrated by means of an ethanol
series of increasing concentration, cleared in xylene and embedded in paraffin blocks. Sections 5 um thick were cut with a
rotary microtome, placed on slides which had been coated with poly-L-lysine, and stained using hematoxylin and eosin
(H&E). The histopathological evaluation was carried out under light microscopy by two separate observers who were
blinded to the case details.
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Figure 1. Experimental design of the study. Female Rattus norvegicus were randomly assigned to either a normal diet or
a 50% dietary restriction regimen during pregnancy to induce intrauterine growth restriction (IUGR). IUGR dams
received either no treatment, saffron extract (15.68 mg/kg body weight/day), or folic acid (1.5 mg/kg body weight/day).
Offspring were monitored until postnatal day 21. Liver tissues were subsequently collected for histopathological
evaluation using hematoxylin and eosin staining and immunohistochemical analysis of TNF-a expression
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2.3. Liver Morphological Evaluation

The liver tissues were examined using a light microscope by two separate observers who were unaware
of the details of the cases. To determine the extent of hepatic injury, the NAFLD Activity Score (NAS) was applied, this
being a semi-quantitative scoring method developed by Kleiner et al . The NAS looks at three main
histopathological features: steatosis, hepatocyte ballooning, and lobular inflammation. Each of these features is assessed
according to defined criteria, and the total NAS is calculated by adding up the individual scores, thus giving a combined
score that ranges from 0 to 8. The higher the NAS, the more severe the liver damage . Steatosis shows how
much fat has accumulated in the hepatocytes, ballooning is a sign of hepatocellular degeneration, and lobular
inflammation means that there is an infiltration of inflammatory cells into the liver lobules. In this study, the NAS was used
to compare the liver histopathology among the various treatment groups. A lower NAS score meant that the liver
architecture had been better preserved and there was less damage, while a higher score indicated more advanced
pathological changes in keeping with NAFLD

2.4. Biochemical Evaluations

Liver sections (5 pm) underwent deparaffinization in xylene (three times for 5 minutes each), followed by
rehydration through graded ethanol (absolute and 70%, 3 minutes each) and rinsing in distilled water. Endogenous
peroxidase activity was quenched using 3% hydrogen peroxide for 10 minutes at room temperature, followed by
phosphate-buffered saline (PBS) washes. Antigen retrieval was conducted with a 0.025% trypsin solution at 37 °C for 15
minutes. Non-specific binding was blocked using Ultra V Block (Thermo Scientific, USA) for 10 minutes at room
temperature. Sections were incubated with mouse monoclonal anti-TNF-a antibody (No. Cat. bms-0387M, clone 1F6, Bioss
Inc., USA) at a 1:250 dilution in PBS for 35 minutes at room temperature. After PBS washes, slides were incubated with
HRP-conjugated polymer secondary antibody (Thermo Scientific, USA) for 35 minutes at room temperature in the dark.
Visualization was performed with DAB chromogen (20uL/1mL substrate buffer) for 10 minutes, followed by
counterstaining with Mayer’s hematoxylin for 3 minutes. Slides were then rinsed, dehydrated, mounted, and examined
under a light microscope.

TNF-a immunohistochemical expression was quantified using Image] software (NIH, USA) as previously
described . For each slide, five non-overlapping high-power fields (400x) were captured. Images were
converted to 8-bit grayscale, and the region of interest (ROI) was defined to include hepatocyte cytoplasm and nuclei.
The threshold was adjusted to distinguish positive DAB staining from background, and the percentage of positive-stained
area was calculated using the “Color Deconvolution” plugin (H DAB vector). The mean optical density (MOD) of DAB
staining was measured to represent the relative expression level of TNF-a. All measurements were conducted in a blinded
manner by two independent observers. Body weights of dams and pups were measured using two digital scales: the SF-
400 large-capacity scale (maximum 10 kg) for adult rats and the TN-series Mini Digital Scale (maximum 50 g, readability
0.001 g) for neonates.

2.5. Statistical Analyses

The litter (dam) was designated as the unit of analysis (n), and one pup per litter was randomly selected for
statistical evaluation to avoid pseudo-replication. Ratio data for dependent variables, such as birth weight (BW), organ
index, and hepatic TNF-a expression, were presented as mean + standard deviation (SD) for parametric data or as median
[interquartile range] for non-parametric data.

Liver histopathological scoring was performed semi-quantitatively using Image] software (NIH, USA).
Steatosis was assessed as the percentage of lipid vacuolization at 400x magnification, lobular inflammation as
the number of inflammatory foci / visual field at 200x magnification, and hepatocyte ballooning as the number of ballooned
hepatocytes per visual field at 400x magnification. The sum of these parameters constituted the NAFLD
Activity Score (NAS). For immunohistochemistry (IHC), Image] with the Color Deconvolution plugin was
employed to separate DAB staining. Five non-overlapping fields per section were analyzed at 400x
magnification to quantify the percentage of positively stained area and mean optical density (MOD), reflecting TNF-«
expression.

Assumption testing was performed using the Shapiro-Wilk test for normality (p > 0.05) and Levene’s
test for homogeneity of variance (p > 0.05) in SPSS version 25.0 (IBM Corp., 2017). Parametric data were compared
between groups using one-way analysis of variance (ANOVA) followed by the Least Significant Difference (LSD)
post-hoc test. Non-parametric data were analyzed using the Kruskal-Wallis test and the Mann-Whitney U test
for pairwise comparisons. Statistical significance was defined as p < 0.05 (95% confidence level). The LSD post-hoc
test was selected due to the limited number of experimental groups and the primary aim of identifying specific
differences between treatment groups following a significant ANOVA result. This approach is frequently
applied in controlled experimental animal studies with predefined group comparisons.
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3. RESULTS AND DISCUSSION

3.1. Descriptive Analysis of Birth

Intrauterine Growth Restriction (IUGR) is a condition in which the fetus fails to grow optimally in utero, often
resulting in low birth weight. In this study, birth weight below the 10th percentile was used as a reference for identifying
IUGR. Using an animal model of IUGR, the study aimed to investigate how dietary interventions and supplementation could
influence birth weight and support fetal development (2). Referring to the IUGR control group, which consistently showed
lower birth weight compared to other groups (below the 10th percentile), the results indicate successful induction of IUGR
through dietary restriction

The study included four groups of rats, each being subjected to different treatment conditions: one normal
control group fed a standard diet, one IUGR control group given a diet reduced by 50 percent, another IUGR group
supplied with saffron extract at a dose of 15.68 mg/kg of body weight/day, and a fourth IUGR group given folic acid at a
dose of 1.5 mg/kg of body weight per day. The body weights of the pups were recorded from birth up to postnatal day 22.
The findings indicated that the pups in the IUGR control group, on the 50 percent restricted diet, always had birth
weights below the 10th percentile, thus verifying that dietary restriction is effective in producing an IUGR model.
This is in agreement with earlier studies which have shown that prenatal nutritional restriction results in a lower birth
weight and IUGR

shows the trends in the birth weight (BW) of the pups, which have been divided into four groups (K1, K2,
K3, and K4). The dashed line indicates the 10th percentile and is used as a reference point for detecting IUGR. The birth
weights of the pups in group K2 (shown by the gray line) are continually below the 10th percentile, which means that the
average BW in group K2 is less than that of the other groups. This confirms that maternal dietary restriction successfully
induced an IUGR animal model.

Normality was tested using the Shapiro-Wilk test, and homogeneity was assessed with Levene’s test. The Shapiro-
Wilk test showed that all birth weight (BW) data were not normally distributed (p < 0.05). Therefore, a non-parametric
Kruskal-Wallis test was conducted. The Kruskal-Wallis analysis yielded a significant result (p < 0.001), indicating a
statistically significant difference in the mean birth weight of pups among the four groups: normal control (K1), IUGR
control (K2), IUGR + saffron (K3), and IUGR + folic acid (K4). This suggests that at least one group had a significantly
different mean birth weight compared to the others.

Based on , the most significant difference in birth weight was observed between group K1 and K2, as K2
represents the IUGR control group with birth weights below the 10th percentile. However, no significant difference was
found between K1 and K4, indicating that birth weight in the IUGR + folic acid group approached that of the normal group.
Significant differences were also observed between K2 and both K3 and K4, suggesting that administration of saffron and
folic acid led to improved birth weights compared to the IUGR control. Furthermore, no significant difference was found
between K3 and K4, indicating that saffron may have a comparable potential to folic acid in improving birth weight in [IUGR

pups.

- - - - - - -

1 2 3 4 5 6 7 8

= he= Percentile 10 K1 K2 K3 em@uK4

Figure 2. Birth weight (BW) trend of pups in groups K1-K4 with 10th percentile.
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Figure 3. Birth weight among experimental groups. Data are presented as mean + SD. Significant differences among
groups were determined by The Kruskal-Wallis test (p< 0.001)

In contrast, pups in the normal control group exhibited normal birth weights above the 10th percentile, indicating
healthy, unrestricted growth. Meanwhile, IUGR pups receiving saffron or folic acid supplementation demonstrated
significant improvements in birth weight compared to the IUGR control group. Saffron, which contains bioactive
compounds such as safranal, crocetin, and crocin, exerts antioxidant and anti-inflammatory effects that help reduce
oxidative stress and placental inflammation, thereby improving nutrient supply to the fetus . Hepatic inflammation and
structural damage may impair metabolic homeostasis, nutrient processing, and energy balance, which could contribute to
reduced body weight in IUGR animals . Recent meta-analyses have confirmed crocin’s potent antioxidant and anti-
inflammatory effects, reporting significant reductions in TNF-a and IL-6 levels, as well as improvements in overall
antioxidant capacity . Similarly, folic acid supplementation has been shown to lower pro-inflammatory cytokines in a
dose-responsive manner . Additionally, saffron’s antioxidative efficacy—evident in lowering oxidative stress markers
such as MDA and enhancing TAC—has been validated in recent clinical evidence

The amount of nutrients that a mother takes in while she is pregnant—particularly protein—has a vital impact on
the survival, growth and development of the embryo. If a mother consumes too little protein, embryonic death,
intrauterine growth restriction and impaired postnatal growth may result from a deficiency of the essential amino acids
needed for cellular metabolism and various physiological functions. The protein that the mother consumes has a direct
effect on fetal programming and causes changes in gene expression within the fetal genome. Since L-arginine (Arg) is used
as a precursor in the production of signalling molecules (such as nitric oxide, polyamines and creatine), it is important
during pregnancy for fetal growth and development. Poor maternal protein intake can cause deficiencies of Arg and of other
essential amino acids in both the mother and the fetus. Saffron, through its anti-inflammatory action, and folic acid, by
means of DNA methylation pathways, have both been shown to be effective in reducing the negative effects of IUGR. This
study confirms that nutritional interventions can play a crucial role in promoting healthy fetal growth and in lowering the
risk of IUGR

3.2. TNFa Expression in Liver Tissue Assessed by IHC Method

The data from this study show that in all the pup groups whose mothers underwent a 50% dietary restriction there
was an increased expression of TNFa in the hepatic tissue (5). It has already been shown in earlier studies that intrauterine
growth restriction (IUGR) causes systemic inflammation and oxidative stress, especially in the hepatic tissue. More recent
findings indicate that IUGR neonates have altered hepatic NF-kB signaling and a reduced TNF-a-mediated acute
inflammatory response when exposed to endotoxin, which suggests basic disruptions in liver immunity and in the
regulation of oxidative stress . Metabolomic analysis of the livers of IUGR rats also points to a higher level of oxidative
markers and to structural liver damage . Moreover, the epigenetic changes induced by hypoxia—such as increased
histone acetylation in gene promoters—show how IUGR makes the liver more susceptible to persistent inflammation and
to stress

The analysis of TNFa expression in the liver tissue showed that the K2 group had the highest levels of
TNFa (mean * SE), then the K3 group. The K4 group displayed lower levels, coming close to those observed in the K1 group
which represent the normal condition. Since the Shapiro-Wilk test for normality (with p < 0.05) revealed that the data were

not normally distributed, non-parametric tests were used, namely the Kruskal-Wallis test , and then a Mann-
Whitney post-hoc analysis was carried out . The pairwise differences between the groups were assessed using
Mann-Whitney post-hoc tests as shown in . A highly significant difference (p < 0.001) was found in TNFa expression

between the K1 and K2 groups, which shows that the rats on a dietary restriction regimen (K2) had substantially higher
TNFa expression than the normal controls (K1).
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A statistically significant difference (p < 0.001) was observed between the K1 and K3 groups. Although saffron
administration reduced inflammation, TNFa expression in the K3 group remained higher than in the K1 group. The
difference between K1 and K4 was also statistically significant (p = 0.037), but less pronounced than the difference
observed between K2 and K3. A highly significant difference (p < 0.001) was found between K3 and K2, indicating that
saffron significantly decreased TNFa expression compared to dietary restriction alone. Furthermore, a significant
difference (p < 0.001) between the K2 and K4 groups demonstrated that folic acid substantially reduced TNFa expression
and was more effective than saffron in reducing inflammation. A significant difference (p < 0.001) was also noted between
the K3 and K4 groups. While both interventions reduced TNFa expression relative to the IUGR control group, the reduction
in the folic acid group exceeded that in the saffron group. These findings suggest that folic acid may exert a stronger anti-
inflammatory effect in this experimental model; however, the biological relevance of this difference should be interpreted
with caution.
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Figure 4. Quantification of TNF-a immunohistochemical staining among experimental groups
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Figure 5. IHC staining of TNFa in the liver tissue of pups. Intense brown staining is prominently visible in the cytoplasm
and cell membranes of hepatocytes in the K2 group (IUGR control), magnification 400x
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Table 1. Post-Hoc Analysis of TNFa Expression in Liver Tissue

Groups K1 K2 K3 K4
K1

K2 <0,001*

K3 <0,001* <0,001*

K4 0,037* <0,001* <0,001*

Note: *Significant p-value < 0.05 (Mann-Whitney test)

3.3. Histopathological Features of Liver Tissue

The meltpeak formed indicated the specificity of the miRNA target . A miRNA target had 1 peak on
the meltpeak curve. When there were 2 miRNA targets, 2 different peaks were formed. The peak shift on a miRNA target
was influenced by cDNA dilution (1:20 and 1:60). The miRNA quantification process required a total RNA concentration
with high yield and purity for cDNA synthesis. In addition, cDNA dilution was also needed for miRNA expression
quantification. A good concentration for cDNA synthesis based on the procedure manual of the miRCURY LNA RT kit was
10 ng, so in this study, concentration optimization will be carried out at concentrations of 10, 50, and 100 ng. This was
carried out because the amount of miRNA in exosomes was very small, to avoid too low expression, the right concentration
was required.

Recent advances continue to support using the NAS for quantifying liver injury. Studies involving animals
show that the progression of ballooning, steatosis, and lobular inflammation in rodent models of NAFLD closely
resembles that seen in humans, thus underscoring the translational relevance of the scoring method . Furthermore,
reviews focusing on immunomodulation in the context of NAFLD point to the mechanisms—namely cytokine
dysregulation and activation of immune cells—that lead to the various features of NAS . Moreover, new
molecular insights into inflammatory mediators such as Lipocalin-2 connect the histopathological changes, including
hepatocyte ballooning and inflammation, to disease progression and to the interpretation of the score . The results
showed that the pups in the normal control group had normal liver histology and only very slight signs of
inflammation or degeneration. This is in keeping with the standard diet given to this group and therefore suggests that a
balanced diet helps to maintain good liver health. On the other hand, the pups in the IUGR control group which underwent
a 50% reduction in diet had a marked infiltration of inflammatory cells and hepatocellular degeneration in all areas,
especially in the centrilobular zone. These findings indicate that IUGR induced by dietary restriction does cause
severe liver damage. This is in agreement with earlier studies which have shown that IUGR is linked to higher levels of
oxidative stress and inflammatory responses that lead to damage of liver tissue . The current results therefore
support and build upon previous evidence by demonstrating similar histopathological changes in the liver tissue of the
IUGR model used in this study.

The pups in the group with IUGR that were given a saffron extract showed signs of inflammation and bleeding in
the periportal area, together with degeneration of the hepatocytes in the intermediate and centrilobular regions.
Even though its outcome was less favorable than that of the normal control group, saffron supplementation still
exhibited a significant protective effect against the hepatic injury caused by IUGR. Saffron includes bioactive substances
such as safranal, crocetin, and crocin, which have antioxidant and anti-inflammatory properties and thus reduce
oxidative stress and inflammation in the liver tissue . The pups in the IUGR group that were supplemented with
folic acid had almost normal hepatocyte structure with only a minimal amount of inflammatory cell infiltration.
This indicates that folic acid has a greater protective effect than saffron. Since folic acid is important in DNA methylation
and in the regulation of gene expression, it may help to reduce inflammation by suppressing the expression of TNFa. These
results show that folic acid lessens hepatic injury by means of epigenetic mechanisms and increases the cells' resistance to
damage

Based on below, the histopathological evaluation of liver tissue was conducted using the NAS, which includes
four scoring parameters: 1) Steatosis, 2) Hepatocyte Ballooning, 3) Lobular Inflammation, and 4) Total NAS . The
data shown in indicate that the K2 group had the most severe pathological changes in all the parameters examined,

thus showing the greatest severity of NAFLD. The mean scores for steatosis, hepatocyte ballooning and lobular
inflammation in the K2 group were 1.98 + 0.02, 1.96 + 0.02 and 1.63 * 0.10, respectively. On the other hand, the K1 group
(which served as the normal control) displayed only slight changes, with very low values for all the variables (steatosis:
0.10 = 0.03, hepatocyte ballooning: 0.96 * 0.02, lobular inflammation: 0.26 + 0.05), meaning that it had the least or no signs
of NAFLD. The K3 group showed moderate alterations in all the histopathological parameters (steatosis: 1.33 * 0.06,
hepatocyte ballooning: 1.41 + 0.06, lobular inflammation: 1.46 * 0.09), indicating an intermediate level of NAFLD severity.
The K4 group had values similar to those of the K1 group for both steatosis and hepatocyte ballooning but had a higher
score for lobular inflammation (steatosis: 0.01 + 0.01, hepatocyte ballooning: 0.96 * 0.02, lobular inflammation: 1.27 *
0.09). These differences show that the dietary restriction led to varying degrees of liver tissue damage.
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demonstrates that the K2 group had the highest mean NAS (5.56 + 0.11), indicating the most severe degree
of NAFLD. Conversely, the K1 group recorded the lowest mean NAS (1.36 + 0.06), representing the mildest condition. The
K3 and K4 groups exhibited intermediate NAS values, with K3 (4.20 + 0.12) and K4 (2.29 % 0.09) both higher than K1 but
lower than K2. The Shapiro-Wilk test for normality showed that all variables deviated from a normal distribution (p <
0.001), which required the application of non-parametric statistical tests. The Kruskal-Wallis test identified statistically
significant differences among the groups for all measured parameters (p < 0.001), including steatosis, hepatocyte
ballooning, lobular inflammation, and total NAS. These results confirm significant variation in NAFLD severity across the
treatment groups, as depicted in . The Mann-Whitney post-hoc test results, presented in , provide pairwise
comparisons among the four groups (K1, K2, K3, K4) for each histopathological parameter: steatosis (ST), hepatocyte
ballooning (HB), lobular inflammation (LI), and total NAFLD Activity Score (NAS).

The post-hoc Mann-Whitney test showed significant differences in steatosis (ST), hepatocyte ballooning (HB),
lobular inflammation (LI), and the NAFLD Activity Score (NAS) among the groups. The K1 group was significantly different
from K2, K3, and K4 for most variables (p < 0.001), except for HB when compared with K4 (p = 0.868), which was not
significant. The K2 group was significantly different from K3 in HB, LI, and NAS (p < 0.001), but not in ST (p = 0.113). K2
also showed significant differences with K4 in all variables (p < 0.001 for HB, LI, and NAS; p = 0.003 for ST). K3 and K4 were
significantly different in HB, LI, and NAS (p < 0.001), but not in ST (p = 0.115). These results show that each group had a
different level of NAFLD severity, as seen in the significant differences in liver histopathology across all treatment groups.

Statistical analysis found significant differences between the treatment groups in steatosis, hepatocyte ballooning,
lobular inflammation, and total NAS. The control group in the IUGR study (K2) had the most severe liver damage, which
suggests that dietary restriction causes serious liver injury. Giving saffron and folic acid helped reduce the negative effects
of IUGR by improving liver histopathology through different protective actions.

Table 2. NAFLD activity score of liver tissue

Variables Criteria Score
Steatosis <5% 0
5-33% 1
34-66% 2
>67 % 3
Hepatocyte ballooning None 0
Few (<34 %) 1
Many (> 34 %) 2
Lobular inflammation None 0
< 2 foci / Field of view 1
2 - 4 foci / Field of view 2
> 4 foci / Field of view 3
NAFLD Activity Score (NAS) 0-8
Table 3. Quantitative analysis of liver tissue histopathology
G Mean + SE sw KW
ST HB LI NAS p-value p-value
K1 0,10 + 0,032 0,96 + 0,022 0,26 + 0,052 1,36 + 0,062 <0,001" <0,001™
K2 1,98 + 0,022 1,96 + 0,022 1,63 + 0,10 556 +0,11ab
K3 1,33 +0,062 1,41 + 0,063bc 1,46 + 0,093bc 4,20 + 0,12abe
K4 0,01 +0,01ab 0,96 + 0,02bc 1,27 +0,09b¢ 2,29 + 0,09abc

Note: G: Groups, ST: steatosis, HB: hepatocyte ballooning, LI: lobular inflammation, NAS: total NAFLD Activity Score, SW: Shapiro-Wilk, KW: Kruskal-Wallis.
*Significant at p < 0.05 (Shapiro-Wilk test: data not normally distributed). **Significant at p < 0.05 (Kruskal-Wallis test). ab<Significant differences between
groups in Table 4 (Mann-Whitney post-hoc test)

3.4. Mechanistic Considerations: Saffron vs. Folic Acid

Saffron contains bioactive compounds, including crocin, crocetin, and safranal, which possess antioxidant and
anti-inflammatory properties. In this study, the effect of saffron was less pronounced than that of folic acid. This
difference is likely due to the metabolic processing of saffron constituents. Previous research demonstrates that crocin,
the primary water-soluble carotenoid in saffron, is metabolized in the digestive tract to form crocetin, which is
absorbed at variable rates and does not accumulate significantly in certain organs. Although absorption efficiency
was not evaluated in the current study, these pharmacokinetic factors may explain the moderate hepatoprotective
effect observed at the administered dose (15.68 mg/kg) in the IUGR model. Saffron has also been shown to reduce
oxidative stress and inflammation, partly by modulating the NF-kB pathway through its antioxidant activity.
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These mechanisms may have contributed to the partial reduction in TNF-a expression observed, although the
specific molecular pathways were not investigated and should be interpreted cautiously. Future research should
include pharmacokinetic studies of saffron and analyses of its effects on molecular pathways to clarify its protective
role in the liver.

Folic acid exhibited a more substantial protective effect against hepatic inflammation and histological alterations.
This effect is likely attributable to the established role of folate in one-carbon metabolism, which facilitates the production
of S-adenosylmethionine (SAM), a critical methyl donor involved in DNA methylation. Previous studies have shown that
folate status can influence the regulation of inflammatory genes such as TNF-a and modulate inflammatory signaling
pathways. Although epigenetic mechanisms were not directly investigated in this study, these processes may underlie the
greater reduction in TNF-a expression observed in the folic acid group. A key strength of this study is the administration of
both saffron and folic acid throughout pregnancy and the entire lactation period, providing a more accurate representation
of real-world maternal nutrition than studies limited to pregnancy supplementation. These findings enhance
understanding of how sustained maternal nutrition affects liver health in offspring exposed to IUGR conditions. Further
research incorporating pharmacokinetic analysis and epigenetic profiling is required to validate these proposed
mechanisms. TNF-a was selected as the primary inflammatory marker due to its established role in hepatic injury
associated with IUGR; however, the inflammatory response involves a complex network of signaling pathways that were
not comprehensively examined. Specifically, components of the NF-kB signaling pathway, such as p65 activation, and other
pro-inflammatory cytokines like IL-6, were not assessed. Moreover, interactions between inflammatory signaling and
oxidative stress pathways may contribute to the hepatic alterations observed in IUGR offspring. Future studies should
therefore include more extensive molecular analyses to clarify the mechanisms by which saffron and folic acid influence
hepatic inflammation and tissue injury.

Left panels: 200x (scale bar = 50 um)
Right insets: 400x (scale bar = 20 um)
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Figure 6. Histopathological comparison of liver tissue across four treatment groups. Hematoxylin and eosin (HE) staining
at 400x magnification demonstrates the three zones of the liver lobule: periportal, intermediate, and centrilobular.
(A-C) The K1 group (normal control) showed normal hepatocyte architecture without signs of inflammation or
degeneration. (D-F) The K2 group (IUGR control) exhibited inflammatory cell infiltration (indicated by arrows)
and hepatocellular degeneration in all zones, with the most severe damage observed in the centrilobular zone (F).
(G-1) The K3 group (IUGR + Saffron) displayed significant inflammatory infiltration in the periportal zone (G) and
severe hepatocyte degeneration in the intermediate and centrilobular zones (H, I). (J-L) The K4 group (IUGR +
Folic Acid) showed near-normal hepatocyte architecture with minimal inflammatory infiltration, indicating a
protective effect against liver tissue damage
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Table 4. Post-hoc analysis of NAFLD Activity Score (NAS) between groups

Group Comparison ST HB LI NAS
(p-value) (p-value) (p-value) (p-value)
K1 K2 <0,001* <0,001* <0,001* <0,001*
K1 K3 <0,001* <0,001* <0,001* <0,001*
K1 K4 <0,001* 0,868 0,028 <0,001*
K2 K3 0,113 <0,001* <0,001* <0,001*
K2 K4 0,003* <0,001* <0,001* <0,001*
K3 K4 0,115 <0,001* <0,001* <0,001*

Note: *Significant p-value < 0.05 (Mann-Whitney test)

4. CONCLUSIONS

The study finds that when mothers' diets are restricted it is possible to produce in their offspring an experimental
instance of intrauterine growth restriction (IUGR), this being characterized by lower birth weight, higher levels of TNF-a
in the liver, and damage to the liver structure. During pregnancy and while lactating, giving the mothers either saffron or
folic acid greatly increased the birth weight, lowered the expression of TNF-a in the liver, and improved the
histopathological changes in the liver as compared with the untreated IUGR control group. Although both interventions had
beneficial effects, folic acid caused greater improvements in the inflammatory markers and in liver structure than saffron.
The results show that maternal nutritional supplementation may be of help in reducing the hepatic injury linked with [UGR
and point to the possible usefulness of saffron as a complementary nutritional intervention. However, since the underlying
molecular mechanisms were not directly investigated and the findings are based on an animal model, further molecular
and translational studies should be carried out to confirm these effects and to evaluate their clinical relevance.
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