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High-fiber basil seed flour reduces insulin
resistance and hepatic steatosis in
high-fat diet mice
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The incidence of insulin resistance (IR) and hepatic steatosis is increasing, with dietary fiber playing a
protective role against these disorders. Ocimum basilicum L., widely used in food, pharmaceutical,
and cosmetic industries, but their health-promoting properties remain underexplored. This study
evaluated the effects of a fiber-rich fraction of partially defatted basil seeds (BSF) on IR, hepatic
steatosis, and polyunsaturated fatty acid and short-chain fatty acid (SCFA) profiles in high-fat diet
(HFD)-fed C57BL/6 J male mice. Mice were assigned to four groups and fed either a control diet or
HFD, supplemented with BSF or oat flour for 4 weeks. HFD induced IR, hepatic steatosis,
proinflammatory state, and a significant decreased in SCFA production. In contrast, supplementation
with BSF attenuated IR, steatosis, liver damage, oxidative stress, and inflammation, while increasing
n-3 polyunsaturated fatty acids in liver, adipocytes, and erythrocytes, and enhancing SCFA
production, suggesting potential therapeutic benefits in managing these conditions.

During the last 30 years, a significant increase in the prevalence of insulin
resistance (IR)hasbeenobserved1.Currently, the estimatedprevalence ranges
from 10% and 30%of the population and is themain cause of type 2 diabetes
mellitus (T2DM), which is associated with obesity and metabolic syndrome
(MetS)2,3. The frequency of IR depends on various factors such as age, body
weight, sex, genetic predisposition, physical activity and diet, among others4.
The pathophysiological mechanism of IR has not been fully established, but
the pathogenesis of IR is related to free fatty acids accumulation, increase liver
glucose production and decreased glucose uptake in insulin-sensitive tissues5.
In this context, it has been proposed that the accumulation of ectopic lipids in
different tissues as a result of an excessive consumption of simple carbohy-
drates (glucose, fructose) and saturated fat, trigger the production of adipo-
cytokines exerting deleterious effects on themetabolism of glucose and lipids
at distant sites (muscle, liver, arterial tissue), as well as in the vascular
function6. The incidence of IR can be estimated by the homeostaticmodel for
insulin resistance (HOMA-IR) proposed by Matthews et al. 7, a feature
associated to non-alcoholic fatty liver disease6, one of themost common liver
disorders worldwide6. Non-alcoholic fatty liver disease (NAFLD) consists in
two clinicopathological entities, i.e., simple steatosis and non-alcoholic

steatohepatitis (NASH), which may progress to cirrhosis and hepatocellular
carcinoma8. It is estimated that the global prevalence of this pathology is
approximately 25% and it has been observed to increase with age9. The
diagnosis of NAFLD is based on twomain criteria (i) detection of steatosis in
alcohol abstinence, either by imaging or by histology and appropriate
exclusion of other liver diseases6; and (ii) recognition of the presence ofmore
than 5% of the hepatocytes loaded with fat in the absence of secondary
etiology’s (medications, excessive alcohol consumption or hereditary
conditions)8,10. Previously, the two-hit hypothesis, based on exposure of the
liver to a first hit hepatic steatosis and the second hit oxidative stress were
parallel events leading to the pathogenesis of NAFLD6,11. Currently, the
multiple or continuous impact model was proposed, suggesting the existence
of different, simultaneous, and continuous aggressions in individuals with
metabolic disorders such as T2DM or MetS12.

Dietary fiber is a carbohydrate of plant origin that is not digestible by
human enzymes13. Some types of fiber can be considered as prebiotics as
they are an ingredient selectively fermented by the intestinalmicrobiota that
results in specific changes in its composition and/or activity, thus providing
benefits to the host’s health14.Dietaryfiber intake is inversely associatedwith
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the risk of obesity, as well as with other pathologies related toMetS, T2DM,
cardiovascular disease (CVD), and cancer15,16. It is suggested that dietary
fiber intake improves insulin sensitivity, lipid profile, chronic inflammation,
and favors weight reduction2,15,16. The current recommendation for dietary
fiber intake in adults fromtheWorldHealthOrganization (WHO)17 is≥25 g
per day18. Dietary fibers are not digested in the upper gastrointestinal tract
but are instead fermented by bacteria in the colon. Depending of the degree
of polymerization, particle size, solubility, and viscosity, the fermentability
capacity, type of bacteria and metabolites production can be affected19.
Dietary fiber intake is linked to overall metabolic health, particularly
through key pathways involving insulin sensitivity. It also impacts various
other health conditions, including cardiovascular disease, colon health, gut
motility, and the risk of colorectal cancer15.

Additionally, polyunsaturated fatty acids (PUFAs) are also beneficial
for human health, and include a series of n-6 and n-3 fatty acids, α-linolenic
acid (C18:3n− 3, ALA) being a n-3 PUFA that is present in various oils and
oilseeds such as: linseed, chia, perilla, basil, hip, rapeseed, soybean, walnuts,
avocado, among others20–22. ALA is known as the essential precursor of the
longer chain n-3 PUFAs eicosapentaenoic acid (C20:5n-3, EPA) and doc-
osahexaenoic fatty acid (C22:6n-3, DHA)23. The increase in n-3 PUFAs
consumption, has been related with the reduction in both steatosis and
NASH, by decreasing the content of triglycerides (TG), plasmatic low-
density lipoprotein (LDL), and IR11,24. The Food and Agriculture Organi-
zationof theUnitedNations25 recommends an intake ofALA > 0.5%of total
caloric energy/day for the adult population and EPA plus DHA 0.250 –
2 g/ day25.

Basil (OcimumbasilicumL.) is amedicinal plant cultivated throughout
the world that has been associated with multiple health benefits, and its use
has become widespread in the pharmaceutical, food, and cosmetic indus-
tries. However, basil seeds have been poorly studied, presenting nutritional
and functional attractive characteristics that make them an excellent source
of bioactive compounds26. Regarding its nutritional composition, basil seeds
stand out for its high content of dietary fiber (43.9–63.8%), which contains
~8% cellulose, ~10% hemicellulose and ~35% lignin27. Its protein content
ranges from 10% to 22.5% and its lipid content can reach 33%, with ALA
being its main fatty acid28. In this sense, in Chile some companies have
recently sought to enter the market to produce oils from seeds rich in n-3
PUFAs in a sustainablemanner, including basil seeds amongothers. During
the oil extraction process by cold pressing, an expeller with a high content of
dietaryfiber and proteins is generated, which can be used for the production
of functional ingredients29. The main objective of this experimental work
was to evaluate the effects of the intake of fiber-rich fraction of partially
defatted basil seeds on IR and hepatic steatosis induced by an HFD. As
secondary aims, the assessment of the contribution of this intervention on
n-3 PUFAs content in tissues and SCFAs in stools from mice were also
evaluated. We hypothesize that the dietary fiber and polyunsaturated fatty
acids present in the fiber-rich fraction of partially defatted basil seeds
ameliorates high-fat diet-induced insulin resistance and hepatic steatosis
through multiple synergistic mechanisms.

Results
Nutritional composition and fatty acid profile of supplements
The results of the nutritional composition and fatty acid profile are showed
in Tables 1, 2, respectively. BSF contained ∼65 g/100 g dietary fiber, being
mostly insoluble fiber (58.48 g/100 g), values that were significantly higher
than those of OAF. The protein content reached 20.24 g/100 g for BSF and
12.56 g/100 g for OAF, while the amount of fat present in the meals were
6.35 and 8,77 g/100 g, respectively. The energy content was 267.5 kcal/100 g
for BSF and 457.25 kcal/100 g, for OAF. According to the results presented
in Table 2, BSF shows that the 51% (3.24 g/100 g) of the fatty acids corre-
sponding to PUFAs of which, 2.31 g/100 g corresponds to α-linolenic acid
and 1.81 g/100 g linoleic acid, followed by 2.70 g/100 g saturated fatty acids
(SAFAs) and to a lesser extent monounsaturated fatty acids (MUFAs) with
∼0.41 g/100 g (Table 2). Nevertheless, the OAF presented 12.56 g/100 g
protein, 11.72 g/100 g total dietary fiber and 8.77 g/100 g lipids which

correspond to ~30% of PUFAs, 3.50 g/100 g SAFAs and 2.67 g/100 g
MUFAs. While there are differences in total dietary fiber content between
BSF and OAF in this study, it has been described in the literature that the
main physiological activities exerted are mainly related to soluble fiber. In
this case, the soluble fiber (mucilage) of basil seed is composed of twomajor
fractions of glucomannans, xylans and a minor part of beta-glucans, while
oats have mainly beta-glucans. Both have an overall impact on key health
outcomes that appears to be parallel30.

Body composition changes and food intake
Table 3 shows the daily dietary intake in the different groups. The food
intake did not show significant differences, whereas energy intake showed
statistically lower consumption in those fed a CD compared to the groups
with aHFDand supplementedwithBSF orOAF. Similarlywith protein and
lipid intakes, where the CD group had a significantly lower intake than the
other groups. On the contrary, carbohydrate intake was significantly higher
in the CD group than the other groups. For water consumption, the OAF
group had a significantly lower consumption compared to the other groups.
Regarding the general characteristics of the mice, only BSF group-
supplemented HFD showed attenuated body weight gain compared to
HFDmice (Table 3; Supplementary Fig. 1). For liver weight, the CD group
presented a significantly lower weight than the HFD group and the OAF-
supplemented group. Regarding adipose tissue, the HFD groups supple-
mented with BSF and OAF showed a significantly greater increase in adi-
pose tissue than theCDgroups. In addition, no differenceswere observed in
the percentage of fat in some epididymal adipose, erythrocytes, and brain
tissues. While in stools, significant differences were found between CD v/s
HFD and CD v/s HFD and supplemented with OAF of 4.47, 19.25 and
18.33 g/100 g.

Table 1 | Nutritional composition of fiber-rich flours

Composition BSF (g/100 g) OAF (g/100 g)

Proteins 20.24 ± 0.39a 12,56 ± 0,10b

Fat 6.35 ± 0.27a 8,77 ± 0,58b

Total carbohydrates 68.58a 76,16b

Total dietary Fiber 64.69 ± 2.86a 11,72 ± 0,06b

Soluble 6.20a 4,07b

Insoluble 58.48 ± 0.48a 7,64 ± 0,17b

Ashes 9.00 ± 0.05a 1,51 ± 0,02b

Energy (kcal) 267.5a 457.25b

Data presented asmean ± standard deviation on a dry basis. *Calculated by difference. T test, (a, b)
different letters in the same row represent a significant difference (p < 0.05).

Table 2 | Fatty acid profile of fiber-rich flours

Fatty acids BSF OAF
(g/100 g) (g/100 g)

Total Fatty acids 6.35 ± 0.02a 8.77 ± 0.05b

Total SFAs 2.70 ± 0.03a 3.50 ± 0.09b

Total MUFAs 0.41 ± 0.01a 2.67 ± 0.00b

Total PUFAs 3.24 ± 0.01a 2.61 ± 0.04b

C18:2n-6 (LA) 1.81 ± 0.01a 2.45 ± 0.02b

C18:3n-3 (ALA) 2.31 ± 0.02a 0.15 ± 0.01b

Values are expressed as media ± SD. Fatty acids correspond to C4:0, C14:0, C16:0, C16:1, C18:0,
C18:1n-9, C18:2n-6, C18:3n-6, C18:3n-3, C20:2, C20:3n-6, C22:0, C22:1n-9, C22:2, C24:0.
Saturated fatty acids (SFAs) correspond to C4:0, C14:0, C16:0, C18:0, C22:0 and C24:0.
Monounsaturated fatty acids (MUFAs) correspond to C16:1, C18:1n-9 and C22: 1n-9.
Polyunsaturated fatty acids (PUFAs) correspond to C18:2n-6, C18:3n-6, 3C18:3n-3, C20:2,
C20:3n-6 and C22:2. T test, (a, b) different letters in the same row represent a significant
difference (p < 0.05)
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Effect of interventions on parameters related to IR and
inflammation
Figure 1 shows the biochemical parameters related to IR by experimental
group. The most effective intervention in improving plasma glucose levels
was the group supplemented with OAF followed by BSF (Fig. 1A). Coin-
cident with insulin and, consequently, with HOMA-IR compared to the
HFD group (Fig. 1B, C). In TGmeasurements, it was observed that the BSF
group likeOAFmanaged to attenuate this parameter compared to theHFD
group (Fig. 1D). As well as total cholesterol levels, only significant differ-
enceswere foundbetween theCDv/sHFDgroups.On theother hand,HDL
and LDL cholesterol were lower in the supplemented v/s HFD groups,
confirming the potential efficacy of BSF and OAF as hypolipidemic effec-
tors, withBSF standing out for its greater effect in reducing these parameters
(Fig. 1E–G). The evaluation of inflammation parameters revealed that BSF
supplementation caused a statistically significant decrease in plasma TNF-α
and IL-6, resembling the results obtained with CD, while those supple-
mented with OAF showed a higher efficacy in downward control of IL-1β
compared to the HFD group (Fig. 1H–J).

Evaluation of the effect of fiber-rich fraction intake on liver
damage and steatosis
The analysis of the hepatic histological plaques showed that the group fed
with CD presented a normal histoarchitecture, without the presence of foci
ofhepatic steatosis (Fig. 2A).While those fedwithHFDfor14weeks induced
microvesicular andmacrovesicular hepatic steatosiswithmigration of nuclei
towards the periphery of the hepatocytes, presenting significant foci of
steatosis throughout the tissue (Fig. 2B). In the groups supplemented with
BSF and OAF, attenuation of steatosis was observed. Likewise, the steatosis
decreased in the groups supplemented with BSF or OAF compared to the
HFD group (Fig. 2C, D). In addition, the BSF group presented a lower total
hepatic fat content (p < 0.05) compared to the HFD and OAT groups (Fig.
2E, F). As well as hepatic TG and cholesterol concentrations were sig-
nificantly lower in the BSF group compared to the HFD group (Fig. 2G, H).
Finally, significant differences were detected between the CD group and the
HFD and OAF groups in the plasma levels of transaminases (AST, ALT) in
the treated mice, and BSF and CD group were similar, demonstrating the
potential of BSF in reversing liver damage (Fig. 2 I–J). Table 4 shows the liver
fatty acids composition. As expected, significantly higher SAFAs, MUFAs
andPUFAswere observed in all groups fedwithHFD(supplementedornot)

compared to CD. The group supplemented with BSF had a higher content
(p < 0.05) of DHA and EPA compared to the HFD group (Table 4).

Evaluation of inflammatory, oxidative stress and antioxidant liver
capacity
As shown inFig. 2, hepaticTBARS levels exhibitedhigher levels (p < 0.05) in
the HFD and HFD group supplemented with OAF compared to the CD
group, while supplementation with BSF successfully normalized liver
TBARS (Fig. 2N). Furthermore, F8-isoprostanes levels also decreased with
BSF supplementation, unlike the HFD and OAF-supplemented HFD
groups (Fig. 2O). Furthermore, as shown in Fig. 2P, HFD mice had sig-
nificantly higher hepatic levels of protein carbonyls compared with the CD
group. However, the magnitude of the increase was smaller in the supple-
mented groups (BSF and OAF). Regarding the parameters that decreased
HFD-induced injury at the hepatic level, it was observed that resolvins
(RvD1-RvD2) were up-regulated in supplemented mice (Fig. 2Q–R). With
respect to antioxidant defense, HFD mice showed a significant increase in
GSH and GSSG levels compared to CD. While supplemented mice exhib-
ited a decrease being significant for OAF compared to HFD group. As for
GSH/GSSG ratio it was higher in HFD and supplemented with OAF
compared to CD group (Fig. 2K–M).

Fatty acid profile adipose tissue, erythrocytes, brain, and stool
The results of fatty acid composition of epididymal adipose tissue, ery-
throcytes, brain and stool are presented in Tables 5, 6, 7, 8, respectively. As
can be seen, in the adipose tissue from treated mice, a statistically higher
amount of ALA was observed in the CD and BSF groups in contrast to the
HFD group (Table 5). Meanwhile, in erythrocytes, the fatty acid profile
showed similar data since ALA, EPA and DHAwere found to be increased
in the CD and BSF groups in contrast to the HFD group (Table 6, Sup-
plementary Table 1). In the brain, there was only a significant increase in
ALA in the BSF mice compared with the other groups (Table 7). On the
other hand, it is highlighted in the stool that supplementation with BSF or
OAF increased the content of SFAs compared to the HFD group (Table 8).

Mice liver gene expression of enzymes related to lipid metabo-
lism and inflammatory response
Figure 3 shows hepatic gene expression by experimental group. PPAR-α
mRNA expression required to stimulate fatty acid β-oxidation enzymes

Table 3 | Dietary intake parameters

CD HFD HFD+BSF HFD+OAF

Dietary intake (g/day) 2.63a (2.45–2.97) 2.65a (2.5–2.90) 2.53a (2.35–2.80) 2.56a (2.4–2.98)

Energy intake (kcal/ day) 10.39a (9.68–11.73) 14.15b (13.35–15.49) 13.51b (12.39–14.24) 13.67b (12.82–15.06)

Protein intake (g/day) 0.50a (0.47–0.57) 0.69b (0.66–0.76) 0.66b (0.62–0.70) 0.67b (0.63–0.70)

Fat intake (g/day) 0.11a (0.11–0.13) 1.16b (1.10–1.27) 1.05c (0.95–1.12) 1.05c (0.91–1.12)

Carbohydrates intake (g/day) 1.77a (1.65–2.00) 0.70b (0.66–0.76) 0.65c (0.60–0.68) 0.67b (0.63–0.98)

Water intake (ml/day) 3.75a (3.48–4.0) 3.87a (3.39–4.40) 3.64a (3.39–4.0) 3.18b (2.93–3.52)

Starting body weight (g) 22.00a (20.4–22.70) 23.00a (22.6–24.30) 23.00a (22–23.60) 23.20a (22.2–23.20)

Final body weight (g) 27.10a (25–28.9) 46.80b (44.8– 50.3) 44.30a (43.2– 45) 46.50b (45.3–47.80)

Final body weight gain (g) 6.30a (5–6.70) 23.30b (22.4–25.30) 21.30a (20.4–21.90) 23.40b (23.2–24.60)

Liver weight (g) 1.06a (0.94–1.27) b,d 2.72b (2.38–3.52) a 2.14a (1.52–2.26) 2.59b (2.34–2.85)

Epididymal adipose tissue weight (g) 0.57a (0.51–0.67) 2.06b (1.71–2.23) 2.14b(1.78–2.22) 2.11b(1.95–2.62)

Epididymal adipose fat (g/100 g) 76.79a (66.93–77.86) 77.4a (75.15–79.31) 75.17a (69.59–84.97) 74.23a (63.49–65.42)

Erythrocytes fat (g/100 g) 1.60a (1.24–1.89) 2.09a (1.3–2.33) 1.33a (1.28–1.5) 2.06a (1.37–2.09)

Brain fat (g/100 g) 11.88a (10.37–14.11) 9.26a (1.3–2.33) 9.80a (9.3–16.27) 9.35a (7.68–10.68)

Stool fat (g/100 g) 4.47a(2.63–4.83) 19.25b (18.25–21.38) 11.5a (10.25–12) 18.33b (18.3–19.17)

Values are expressed as median (interquartile range), n = 7. Kruskal Wallis test, followed by Dunn’s test for multiple comparisons; (a, b) different letters in the same row represent a significant difference
(p < 0.05).
CD control diet, HFD high fat diet, BSF basil seed flour, OAF oat flour.
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(Fig. 3A) was significantly reduced in HFD-fed and OAF-supplemented
mice relative to CD and BSF-supplemented mice. PPAR-α-mediated
CPT1α was significantly decreased only in the HFD group, and to a lesser
extent in the supplemented groups, relative to the CD group (Fig. 3B). On
the other hand, mRNA expression of SREBP-1c, FAS required for de novo
lipogenesis and cytokines related to inflammatory response (Fig. 3C–F)
were significantly increased in the HFD group compared to CD group.
However, they were significantly attenuated in the BSF-supplemented
groups, except for SREBP-1c and IL-1β (Fig. 3C, G).

Influence of dietary fiber-rich fraction of partially defatted basil
seeds on SCFAs content and other parameters
The general characteristics stool and SCFAs are shown in Fig. 4. Post-
supplementation, stool moisture (BSF or OAF) showed a considerable
increase in the water holding capacity, both presenting significant differ-
ences with the CD group, and in the case of BSF there was significantly
higher stoolmoisture compared to theHFDgroup (Fig. 4A). In terms of pH
of stool, HFD groups with or without supplementation showed statistically
lower differences than CD group (Fig. 4B). In the post-supplementation
treatment mice, the CD and BSF groups presented a statistically higher
increase of total SCFAs than the HFD group (Fig. 4C). The SCFAs analysis
revealed that acetic acid was the most abundant in all groups, followed by
propionic and butyric acids, in the case of BSF-supplemented mice (Fig.

4D–F). In general terms, the following order was found, acetic acid > pro-
pionic acid > butyric acid > isobutyric acid > valeric acid > isovaleric acid.
Due to their minimal contribution, the last three fatty acids are not pre-
sented in separate graphs; however, they are included in the total SCFAs in
Fig. 4C.

Discussion
The by-products of the basil seed oil industry have not been explored, and
the nutritional composition of the fiber-rich fraction of partially defatted
BSF has not been reported. The analysis revealed that BSFhas 59.09 ± 2.62 g
of dietary fiber per 100 g of flour, a value that is comparable to that pre-
viously reported by Capitani et al. 31 for chia seeds pressing fiber-rich
fraction (51.98 g/100 g), and higher than those fiber-rich fractions from
cereals such as wheat (20.93 g/100 g), pearl millet (21.92 g/100 g) and sor-
ghum (23.4 g/100 g)32. According to some authors, the total dietary fiber of
whole basil seed ranged between 22.6 to 36.30 g/100 g, which implies that
the fraction could possess 1.6–2.6 times more dietary fiber than the
seed28,33–35. In this context, less than 50 g of BSF could meet the daily
recommendations of European Food Safety Authority (EFSA) and Amer-
icanDietetic Association (ADA),which recommend an average daily intake
> 25 g of dietary fiber36,37. The protein content (20.24 g/100 g) is also high
compared with some pseudo cereals such as quinoa (14.5 g/100 g) and
amaranth (16.5 g/100 g). In addition, the amino acid profile illustrates the

Fig. 1 | Biochemical parameters related to insulin resistance by
experimental group. AGlycemia (mg/dL); (B): insulinemia (µU/mL); (C): HOMA-
IR; (D): triglycerides (mg/dL); (E): total cholesterol (mg/dL); (F): HDL (mg/dL); (G):
LDL (mg/dL); (H): TNF-α (pg/mL); (I): IL-6 (pg/mL); (J): IL-1β (pg/mL). Values are

represented as medians and interquartile ranges. n = 6–7. CD control diet, HFD
high-fat diet, BSF high-fat diet plus fiber-rich basil seedmeal, OAF high-fat diet plus
oatmeal. KruskalWallis test, followed byDunn’s test formultiple comparisons; (a, b)
different letters represent a significant difference (p < 0.05).
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Fig. 2 | Effect of fiber-rich fraction intake on liver damage and steatosis. Liver
histology by experimental group. (A): CD; (B): HFD; (C): HFD+ BSF, (D):
HFD+OAF; (E): Hepatic steatosis score; (F): Fat in liver (g/100 g); (G): Hepatic TG
(mg/g tissue); (H): Hepatic cholesterol (mg/g tissue); (I): AST (U/L); (J): ALT (U/L);
(K): GSH (µmol/g liver); (L): GSSH (µmol/g liver); (M): Ratio GSH/GSSH; (N):
Hepatic TBARS (nmol MDA/mg protein); (O): Hepatic F-8 Isoprostanes (pg/mg
protein); (P): Hepatic Protein carbonyl (nmol/mg protein); (Q): RvE1 content (pg/

g); (R): RvE2 content (pg/g); n = 6–7. Sections were fixed in formaldehyde and
stained with hematoxylin eosin (×10 magnification), thick arrows (→) indicate
macrovesicular steatosis and thin arrows (→) indicate microvesicular steatosis.
Hepatic steatosis score, <1 point absent steatosis, 1- 2 points mild steatosis, 2–3
points moderate steatosis, >3 points severe steatosis. Significant differences
according to Kruskal Wallis test, followed by Dunn’s test for multiple comparisons;
(a, b) different letters represent a significant difference (p < 0.05).
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highnutritional quality of the protein, including all the essential aminoacids
except S-containing types and tryptophan28. Conversely, despite cold
pressing to extract and obtain basil seed oil, the resulting pellet, which is
subsequently crushed and sieved to make BSF, still retains 6.35 g/100 g
lipids, of which 2.31 g/100 g correspond to ALA and 1.8 g/100 g to linoleic
acid (C18:2n-6, LA), amounts that could be enough to provide a health

effect28. In general terms, the fiber-rich by products can increase the dietary
fiber contents in the food matrix resulting in healthy food products, as
previously reported by Elleuch et al. 38.

In the recent decades, the association between dietary fiber intake and
health benefits (body weight, lipid regulation and insulin sensitivity), have
been extensively studied15,39–41. This association has sparked interest in the

Table 4 | Fatty acid composition of liver

Fatty acid CD HFD HFD+BSF HFD+OAF

C16:0 27.25a (26.46–30) 27.18a (25.41–27.67) 26.16a (25.77–28.17) 26.35a (26.07–27.55)

C18:0 8.95a (8.27–9.45) 3.17ab (3.08–3.25) 3.14ab (2.87–3.51) 1.81b (0.98–2.84)

C18:1n-9 31.99a (29.84–33.62) 45.46a (44.9–45.8) 41.73a (36.93–42.76) 44.47a (43.64–46.49)

C18:2n-6 (LA) 10.94a (10.47–12.03) 13.11b (12.14–14.04) 14.3b (13.93–15.85) 13.91b (11.92–15.41)

C18:3n-3 (ALA) 0.00a (0.00–0.00) 0.31b (0.25–0.36) 0.70b (0.56–0.84) 0.36b (0.3–0.39)

C20:4n-6 (AA) 8.44a (3.51–9.66) 2.99a (2.68–3.43) 3.08a (2.74–3.47) 2.96a (2.62–3.02)

C20:5n-3 (EPA) 0.35a (0.07–1.26) 0.38a (0.34–0.44) 0.71a (0.45–0.79) 0.34a (0.28–0.36)

C:22:5 n-6 (DPA n-6) 0.06ac (0.02–0.4) 0.07ac (0.05–0.09) 0.12a (0.12–0.13) 0.05bc (0.04–0.05)

C22:5 n-3 (DPA n-3) 0.16a (0.02–0.69) 0.15a (0.07–0.18) 0.21a (0.17–0.32) 0.01a (0.06–0.09)

C22:6n-3 (DHA) 4.98a (4.16–5.25) 1.98ab (1.85–2.28) 3.05ab (2.73–3.32) 1.79b (1.47–1.83)

Total SFAs 38.27a (36.63–38.76) 31.77b (30.06–32.12) 30.95ab (30.23–32.83) 29.78b (29.36–31.34)

Total MUFAs 36.35a (33.81–37.44) 49.13b (48.47–49.67) 46.62ab (42.23–48.14) 50.83b (49.9–51.54)

Total PUFAs 27.33a (23.83–33.33) 19.8a (18.64–21.1) 22.66a (21.6–24.94) 20.44a (17.58–22.16)

Total n-6 PUFAs 21.11a (17.93–22.92) 16.17a (15.09–17.32) 17.56a (16.63–19.31) 16.93a (14.61–18.48)

Total n-3 PUFAs 5.63a (4.95–6.38) 2.75ab (2.5–3.18) 4.27ab (4.15–5.05) 2.58b (2.19–2.65)

n-6/ n-3 PUFAs ratio 3.47a (2.42–3.8) 5.81a (5.32–6.13) 4.12a (3.92–4.32) 6.60b (6.57–6.76)

Values are expressed as median (interquartile range) in % mmol the fatty acid, n = 7. Saturated fatty acids (SFAs) correspond to C13:0, C14:0, C16:0, C17:0, C18:0, C20:0, C22:0 and C22:2.
Monounsaturated fatty acids (MUFAs) correspond to C14:1, C15:1, C16:1, C17:1, C18:1n-9, C20:1n-9 and C22:1n-9. Polyunsaturated fatty acids (PUFAs) correspond to C18:2 n-6, C18:3 n-6, C18:3 n-3,
C20:1 n-9, C20:3n-3, C20:4n-6, C20:5 n-3, C:22:5 n-6, C:22:5 n-3, C24:0 and C22:6n-3; n-6 PUFAs are C18:2n-6 and C20:4n-6; n-3 PUFAs are C18:3n-3, C20:5n-3 and C22:6n-3; n-6/n-3 PUFAs ratio:
(C20:4n-6+C:22:5 n-6)/ (18:3n-3+C20:5n-3+C:22:5 n-3+C22:6n-3). KruskalWallis test, followed by Dunn’s test for multiple comparisons; (a, b) different letters in the same row represent a significant
difference (p < 0.05).
CD control diet, HFD high fat diet, BSF basil seed flour, OAF oat flour.

Table 5 | Fatty acid composition of epididymal adipose tissue

AG CD HFD HFD+BSF HFD+OAF

C16:0 20.60a (19.61–20.71) 20.51a (20.3–22.32) 19.78a (18.20–20.24) 19.61a (18.67–20.56)

C18:0 1.66a (1.61–1.72) 3.66b (3.51–3.89) 3.39b (3.22–3.59) 3.58b (3.41–3.74)

C18:1n-9 47.08a (45.38–47.82) 49.37ab (48.24–50.65) 48.46ab (48.37–50.92) 50.42b (48.99–51.29)

C18:2n-6 (LA) 17.56a (16.57–17.98) 18.68a (18.5–18.88) 18.89b (18.78–19.17) 18.6c (18.54–18.83)

C18:3n-3 (ALA) 0.84a (0.81–0.87) 0.55b (0.23–0.65) 1.08a (0.92–1.15) 0.54b (0.46–0.56)

C20:4n-6 (AA) 0.35a (0.33–0.45) 0.29a (0.24–0.4) 0.28a (0.26–0.31) 0.28a (0.24–0.33)

C20:5n-3 (EPA) 0.07a (0.06–0.07) 0.07a (0.03–0.11) 0.06a (0.05–0.07) 0.03a (0.02–0.05)

C:22:5 n-6 (DPA n-6) 0.01a (0.01–0.01) 0.01a (0–0.01) 0.01a (0.01–0.01) 0.01a (0–0.01)

C22:5 n-3 (DPA n-3) 0.03a (0.03–0.04) 0.02a (0.01–0.04) 0.02a (0.01–0.02) 0.01a (0.01–0.02)

C22:6n-3 (DHA) 0.13a (0.11–0.16) 0.14a (0.06–0.57) 0.11a (0.09–0.12) 0.07a (0.04–0.1)

Total SFAs 24.09a (23.08–24.95) 25.75a (25.21–27.2) 24.33a (23.57–25.06) 25.58a (24.15–26.87)

Total MUFAs 56.74a (55.45–57.72) 53.61b (52.62–54.5) 54.14ab (52.9–55.2) 54.56ab (53.28–55.58)

Total PUFAs 19.85a (18.61–20.14) 20.42ab (20.18–20.7) 21.35b (20.83–21.45) 20.07ab (19.83–20.23)

Total n-6 PUFAs 18.05a (16.89–18.37) 18.94ab (18.83–19.44) 19.33b (19.06–19.47) 19.05ab (18.8–19.09)

Total n-3 PUFAs 1.07a (1.04–1.13) 0.74ab (0.7–0.84) 1.31a (1.11–1.4) 0.67b (0.6–0.73)

n-6/ n-3 PUFAs ratio 16.58a (15.72–17.04) 25.38ab (22.38–28.06) 14.96a (13.73–17.91) 28.73b (26.07–31.64)

Values are expressed as median (interquartile range) in % mmol the fatty acid, n = 7. Saturated fatty acids (SFAs) correspond to C13:0, C14:0, C16:0, C17:0, C18:0, C20:0, C22:0 and C22:2.
Monounsaturated fatty acids (MUFAs) correspond to C14:1, C15:1, C16:1, C17:1, C18:1n-9, C20:1n-9 and C22:1n-9. Polyunsaturated fatty acids (PUFAs) correspond to C18:2 n-6, C18:3 n-6, C18:3 n-3,
C20:1 n-9, C20:3n-3, C20:4n-6, C20:5 n-3, C:22:5 n-6, C:22:5 n-3, C24:0 and C22:6n-3; n-6 PUFAs are C18:2n-6 and C20:4n-6; n-3 PUFAs are C18:3n-3, C20:5n-3 and C22:6n-3; n-6/n-3 PUFA ratio:
(C20:4n-6+C:22:5 n-6)/ (18:3n-3+C20:5n-3+C:22:5 n-3+C22:6n-3). KruskalWallis test, followed by Dunn’s test for multiple comparisons; (a, b) different letters in the same row represent a significant
difference (p < 0.05).
CD control diet, HFD high fat diet, BSF basil seed flour, OAF oat flour.
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search for new sources of fibers with different characteristics that can be
used in the development of functional foods. In this context, BSF is pre-
sented as a new alternative of dietary fiber source. In our study, after 4weeks
of supplementation with 20% BSF or OAF (as control) in adult male rats
with hepatic steatosis without changes in food consumption and energy

intake, did present significant changes when comparing the HFD and
supplemented CD groups. Fiber supplementation (BSF or OAF) resulted in
lower body weight compared to their HFD controls; in particular, the
inclusion of BSF, after exhibiting a greater effect on body weight, resulted in
a lower body weight compared to the HFD control. Similar behavior was

Table 6 | Fatty acid composition of erythrocytes

AG CD HFD HFD+BSF HFD+OAF

C16:0 38a (36.6–38.7) 46.19b (44.44–48.01) 41.31ab (38.13–42.39) 49.11b (45.3–49.65)

C18:0 15.32a (14.92–15.93) 17.33a (16.54–18.79) 16.73a (15.68–17.13) 14.61a (13.94–16.11)

C18:1n-9 15.37a (14.75–15.91) 15.57a (15.22–15.95) 17.08a (16.32–18.09) 16.03a (14.75–16.32)

C18:2n-6 (LA) 1.99a (1.68–2.35) 0.00b (0.00–0.00) 0.97a (0.85–1.06) 0.33b (0.00–0.46)

C18:3n-3 (ALA) 1.50a (1.39–1.6) 0.61b (0–0.74) 0.85ab (0.71–1.11) 0.81b (0.39–1.03)

C20:4n-6 (AA) 19.43a (18.26–20.22) 16.42b (14.62–17.61) 16.85ab (16.73–17.66) 15.74b (15.06–17.32)

C20:5n-3 (EPA) 3.00a (2.11–4.23) 0.71ab (0.57–1.22) 1.23ab (0.49–1.51) 0.51b (0.49–0.59)

C:22:5 n-6 (DPA n-6) 0.54a (0.15–0.7) 0.08ab (0.05–0.14) 0.06b (0.02–0.11) 0.06b (0.05–0.08)

C22:5 n-3 (DPA n-3) 0.9a (0.68–1.21) 0.28ab (0.23–0.64) 0.38ab (0.21–0.48) 0.26b (0.13–0.28)

C22:6n-3 (DHA) 3.11a (2.23–3.62) 1.95a (1.72–2.21) 3.97a (3.24–5.43) 1.26a (0.96–2.59)

Total SFAs 53.32a (52.81–54.36) 64.84b (62.34–65.27) 58.19ab (56.26–59.11) 63.58b (62.66–65.3)

Total MUFAs 15.37a (14.75–15.91) 15.57a (15.22–15.95) 17.08a (16.32–18.09) 16.03a (14.75–16.32)

Total PUFAs 31.31a (30.1–32.06) 19.32b (18.27–21.88) 23.55ab (22.8–27.32) 19.4b (18.08–21.17)

Total n-6 PUFAs 22.15a (20.72–22.68) 16.48b (14.76–17.67) 17.97ab (17.61–18.96) 16.11b(15.31–17.77)

Total n-3 PUFAs 8.11a (6.7–10.19) 3.45ab (2.84–4.57) 6.06ab (4.95–7.86) 2.98b (2.38–3.94)

n-6/ n-3 PUFAs ratio 2.73a (2.1–3.66) 4.6ab (3.49–5.43) 2.89ab (2.52–3.67) 5.32b (4.29–6.62)

Values are expressed as median (interquartile range) in % mmol the fatty acid, n = 7. Saturated fatty acids (SFAs) correspond to C13:0, C14:0, C16:0, C17:0, C18:0, C20:0, C22:0 and C22:2.
Monounsaturated fatty acids (MUFAs) correspond to C14:1, C15:1, C16:1, C17:1, C18:1n-9, C20:1n-9 and C22:1n-9. Polyunsaturated fatty acids (PUFAs) correspond to C18:2 n-6, C18:3 n-6, C18:3 n-3,
C20:1 n-9, C20:3n-3, C20:4n-6, C20:5 n-3, C:22:5 n-6, C:22:5 n-3, C24:0 and C22:6n-3; n-6 PUFAs are C18:2n-6 and C20:4n-6; n-3 PUFAs are C18:3n-3, C20:5n-3 and C22:6n-3; n-6/n-3 PUFA ratio:
(C20:4n-6+C:22:5 n-6)/ (18:3n-3+C20:5n-3+C:22:5 n-3+C22:6n-3). KruskalWallis test, followed by Dunn’s test for multiple comparisons; (a, b) different letters in the same row represent a significant
difference (p < 0.05).
CD control diet, HFD high fat diet, BSF basil seed flour, OAF oat flour.

Table 7 | Fatty acid composition of brain

AG CD HFD HFD+BSF HFD+OAF

C16:0 24.09ab (24.02–24.14) 26.61a (24.86–27.92) 23.79b (23.6–24.46) 23.98a (23.54–24.73)

C18:0 21.58ab (21.38–21.8) 21.03a (19.39–21.21) 21.6b (21.5–21.77) 21.44ab (21.34–21.7)

C18:1n-9 23.2a (22.85–23.39) 21.23a (21–21.59) 22.06a (21.63–23.06) 22.34a (21.44–23.41)

C18:2n-6 (LA) 0.56a (0.53–0.87) 0.99a (0.9–1.01) 0.98a (0.95–1.24) 1.11a (0.9–1.31)

C18:3n-3 (ALA) 0.00a (0.00–0.00) 0.00a (0.00–0.00) 0.09b (0.07–0.15) 0.00a (0.00–0.00)

C20:4n-6 (AA) 9.62a (9.44–9.97) 9.82a (9.65–10.62) 9.54a (9.25–9.79) 9.82a (9.34–9.99)

C20:5n-3 (EPA) 2.6a (2.57–2.64) 2.64a (2.52–2.75) 2.59a (2.54–2.79) 2.70a (2.59–2.76)

C:22:5 n-6 (DPA n-6) 0.26a (0.17–0.27) 0.21a (0.15–1.66) 0.2a (0.15–0.26) 0.17a (0.13–0.2)

C22:5 n-3 (DPA n-3) 0.31a (0.29–0.47) 0.27a (0.25–0.29) 0.27a (0.23–0.31) 0.20a (0.18–0.23)

C22:6n-3 (DHA) 13.46a (13.34–13.63) 13.32a (13.01–13.98) 13.72a (13.5–14.22) 13.42a (13.15–13.66)

Total SFAs 46.91a (46.69–47.22) 48.28a (46.53–48.77) 47.05a (46.66–47.4) 46.77a (46.15–48.12)

Total MUFAs 25.68a (25.17–25.95) 23.64a (23–24.04) 24.59a (23.99–25.62) 24.61a (23.32–25.99)

Total PUFAs 27.76a (27.3–27.93) 28.27a (27.61–30.43) 28.25a (27.95–28.46) 27.79a (27.35–28.02)

Total n-6 PUFAs 10.82a (10.53–10.99) 12.42a (11.03–13.05) 10.88a (10.41–11.21) 11.22a (10.42–11.3)

Total n-3 PUFAs 16.39a (16.34–16.7) 16.33a (15.81–16.98) 16.85a (16.62–17.2) 16.42a (16.02–16.64)

n-6/ n-3 PUFAs ratio 0.64a (0.62–0.66) 0.72a (0.69–0.8) 0.66a (0.63–0.68) 0.70a (0.67–0.71)

Values are expressed as median (interquartile range) in % mmol the fatty acid, n = 7. Saturated fatty acids (SFAs) correspond to C13:0, C14:0, C16:0, C17:0, C18:0, C20:0, C22:0 and C22:2.
Monounsaturated fatty acids (MUFAs) correspond to C14:1, C15:1, C16:1, C17:1, C18:1n-9, C20:1n-9 and C22:1n-9. Polyunsaturated fatty acids (PUFAs) correspond to C18:2 n-6, C18:3 n-6, C18:3 n-3,
C18:3n-6,C20:1 n-9, C20:3n-3, C20:4n-6,C20:5 n-3, C:22:5 n-6,C:22:5 n-3, C24:0 andC22:6n-3; n-6 PUFAsareC18:2n-6 andC20:4n-6; n-3 PUFAsareC18:3n-3, C20:5n-3 andC22:6n-3; n-6/n-3PUFA
ratio: (C20:4n-6+C:22:5 n-6)/ (18:3n-3+C20:5n-3+C:22:5 n-3+C22:6n-3). Kruskal Wallis test, followed by Dunn’s test for multiple comparisons; (a, b) different letters in the same row represent a
significant difference (p < 0.05).
CD control diet, HFD high fat diet, BSF basil seed flour, OAF oat flour.
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observed by Palou et al. (2015) where pectin supplementation for one
month resulted in decreased body-fat content and ameliorate insulin and
leptin resistance16.Additional studies have reported that the intakeof dietary
fiber can ameliorate adiposity and IR in mice fed a HFD16,42. In contrast,
epididymal adipose tissueweight didnot differ inHFDmicewithorwithout
supplementation16,43, presumably because both studies acted from preven-
tion and not from reversion, as in the present investigation.

As a critical component, IR strongly promotes hepatic steatosis and
there is evidence to support an association between dietary fiber intake and
improved IR2,6,15,42. The present investigation showed that the supple-
mentation with BSF and/or OAF attenuate IR by presenting a reduction in
insulin and glycemic parameters compared to HFD. In addition, when
comparing blood lipid parameters (TG, total cholesterol, HDL, and LDL),
the BSF group showed a significant attenuation in TG, LDL and total
cholesterol compared to HFD. Similar results were observed by Jangra et al.
42 where the two fermentable dietary fiber (gum acacia and inulin) analyzed

resisted the enhancement in serum TG, total cholesterol, LDL and VLDL
compared to high fat and sucrose diet used by Villanueva-Suárez et al. 44

where the HFD was supplemented with 20% artichoke fiber with a sig-
nificant reduction of TG, LDL and total cholesterol. Also, it could be
assumed that ALA provided by BSF supplementation (33mg) could partly
explain the resultswhose effect is possibly due to theBSF capacity to increase
the excretion of bile salts45, and appetite regulation; reported in the group
supplemented with BSF, in which a downward trend in food intake was
observed, although it was not significant compared to the other groups,
since excess calories are determinant in the development of IR43,46. In this
sense, a studybyKimet al, showed that rats fed 10%perilla oil, characterized
by a high content of ALA (60%) for 4 weeks, is able to reduce TG and
cholesterol levels in plasma47. In addition, the mechanism by which dietary
fiber intake diminishes TG in rats has been describe as decrease in de novo
fatty acid synthesis in the liver through the inhibitionof lipogenic enzymes16.
Moreover, the presence of β-glucans, contained in oats and basil seeds, is

Table 8 | Fatty acid composition of stool

AG CD HFD HFD+BSF HFD+OAF

C16:0 32.53a (29.31–34.74) 20.09b (20.06–20.33) 28.58ab (27.78–29.73) 24.32b (24.27–24.93)

C18:0 37.02a (33.06–37.8) 41.96a (37.37–43.56) 37.57a (35.25–41.25) 37.31a (36.9–40.35)

C18:1n-9 15.42a (15.38–18.22) 27.2b (25.9–28.99) 20.65ab (18.6–23.48) 20.55ab (19.69–21.19)

C18:2n-6 (LA) 5.93a (5.7–6.82) 5.10a (5.04–6.27) 8.48ab (6.7–9.27) 11.09b (10.52–11.87)

C18:3n-3 (ALA) 0.00a (0.00–0.00) 0.00a (0.00–0.00) 2.36b (1.83–2.4) 0.00a (0.00–0.00)

Total SFAs 75.01a (73.47–77.17) 65.81b (60.89–66.6) 68.44ab (64.85–72.86) 68.36ab (66.56–69.45)

Total MUFAs 19.06a (16.76–19.18) 27.51b (25.9–29.41) 20.65ab (18.6–23.48) 20.55ab (19.69–21.19)

Total PUFAs 5.93a (5.70–7.72) 6.79ab (6.74–7.48) 10.92b (8.53–11.67) 11.09b (10.86–11.87)

Values are expressed as median (interquartile range) in % mmol the fatty acid, n = 7. Saturated fatty acids (SFAs) correspond to C13:0, C14:0, C16:0, C17:0, C18:0, C20:0, C22:0 and C22:2.
Monounsaturated fatty acids (MUFAs) correspond to C14:1, C15:1, C16:1, C17:1, C18:1n-9, andC22:1n-9. Polyunsaturated fatty acids (PUFAs) correspond toC18:2 n-6, C18:3 n-6, C18:3 n-3, C18:3n-6,
C20:1n-9,C20:3n-3,C20:4n-6,C24:0 andC22:6n-3.KruskalWallis test, followedbyDunn’s test formultiple comparisons; (a, b) different letters in the same row represent a significantdifferences (p < 0.05).
CD control diet, HFD high fat diet, BSF basil seed flour, OAF oat flour.

Fig. 3 | Mice liver gene expression of enzymes related to lipid metabolism and
inflammatory response. A PPAR-α mRNA (relative to GAPDH); (B): CPT-1α
mRNA (relative to GAPDH); (C): SREBP-1cmRNA (relative to GAPDH); (D): FAS
mRNA (relative to GAPDH); (E): NFkβ-1 mRNA (relative to GAPDH); (F): TNF-α
mRNA (relative to GAPDH); (G): IL-1β mRNA (relative to GAPDH); (H): IL-6

mRNA (relative to GAPDH). Values are represented as medians and interquartile
ranges. CD control diet, HFD high-fat diet, BSF basil seed meal rich in dietary fiber,
OAF oat flour. Kruskal Wallis test, followed by Dunn’s test for multiple compar-
isons; (a, b) different letters represent a significant difference (p < 0.05).
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also linked to lowering total and LDL cholesterol levels by influencing the
absorption of carbohydrates and cholesterol in the intestine26,45. Further-
more, a study identified that basil seeds contained bioactive peptides with
antioxidant activity and α-amylase inhibitory activities, by participating as
analogs in the hydrogen bonding network in the active site of the amylase/
substrate complex, thus inhibiting the hydrolysis process26,27. In this context,
the synergistic effects of dietary fiber, ALA and other bioactives compounds
could be attributed to the fact that fiber can trap bile acids, hindering the
absorption of cholesterol, increasing the use of circulating cholesterol for its
synthesis, thus affecting plasma lipids; reducing the systemic inflammation
by lowering the levels of proinflammatory cytokines, improving the SCFAs
profile which affect the insulin sensitivity by improving gut barrier function;
activating PPARs by PUFAs enhancing insulin sensitivity and promoting
fatty acid oxidation, between others14,48.

As previously reported, high-fat feeding in rodents causes marked
hepatic steatosis and insulin resistance due to a mismatch between hepatic
lipid uptake and lipid export13. In the histology, particularly in those from
mice supplemented with BSF and OAF, a decrease in hepatic steatosis was
observed,whichwas corroborated by the steatosis score, the amount of fat in
the tissue, hepatic TG, and cholesterol. These results suggest that basil by-
products might diminish fat accumulation preventing triglyceridemic and
hepatic steatosis. These findings are in agreement with those previously
reported by Villanueva-Suárez et al. 44 who studied the artichoke dietary
fiber composed by a mix of low and large degree of polymerized fructans,
which are in synergy with other polysaccharides producing a protective
effect against hepatic steatosis.

Besides, the fatty acid profile of the liver tissue was identified and
quantified resulting in a higher amount of ALA, EPA and DHA inmice fed
withBSFv/sCD.This is presumably due to the amount ofALAcontained in
the BSF supplementation and because ALA is efficiently converted to DHA
in the liver47. DHA increases the expression of PPAR-α genes, capable of
inhibiting the nuclear transcription factor enhancer of activated NF-κB,
restoring β-oxidation of fatty acids, andmediating oxidative, inflammatory
(TNF-α, IL-1β, IL-6) and peroxisomal processes6,49. Proven in this study
given that BSF supplementation enhanced the expression of PPAR-α
mRNA and increased CPT1α. Consequently, it favors the reversal of
NAFLD and hepatocellular damage11. In the process of inflammation and
adipocyte dysfunction, M1-type macrophages release IL-6, IL-1β, to
enhance phagocytosis and promote an inflammatory response. Addition-
ally, through NLRP3 in the liver stimulated by NF-kβ and oxidative stress,
gene expressions of the proinflammatory factors IL-6 and TNF-α have also
been demonstrated, which could clarify the origin of the plasma proin-
flammatory cytokines found inHFDmice50–52. In addition, n-3PUFAs exert
effects on gene expression by regulating two other nuclear lipogenic factors,
the carbohydrate response element binding protein ChREBP-1c, and FAS,
thereby inhibiting de novo fatty acid synthesis25. Additionally, it has been
shown that NAFLD in obese patients may predict a worse long-term
prognosis denoted by the higher transaminase levels, relative to non-obese
NAFLD11. Concordant with this, animals fed with HFD exhibited sig-
nificantly higher levels of transaminases (AST,ALT andGGT) compared to
those fed with CD, while only the BSF group was able to attenuate liver
damage, showing no significant changes compared to CD.

Fig. 4 | General characteristics stool and SCFAs. SCFA present in the stool of the
treated mice. AMoisture in stool (g/100 g); (B): pH; (C): Total SCFAs (mM/g); (D):
Acetic acid in stool (mM/g); (E): Propionic acid in stool (mM/g); (F): Butyric acid in
stool (mM/g). Values are represented as medians and interquartile ranges. CD

control diet, HFD high-fat diet, BSF basil seed meal rich in dietary fiber, OAF oat
flour, SCFA short-chain fatty acids, FA fatty acids. Kruskal Wallis test, followed by
Dunn’s test for multiple comparisons; (a, b) different letters represent a significant
difference (p < 0.05).
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Furthermore, in interventionalmice, plasma levels of the inflammatory
cytokines TNF-α, IL-6 and IL-1βwere significantly increased after 14weeks
with HFD, whereas in mice supplemented with BSF or with OAF these
values were attenuated compared to HFD. HFD increases the risk of
metabolic complications, and because in humans, excess lipid tissue would
be susceptible to mononuclear cell infiltration and secretion of proin-
flammatory cytokines such as TNF-α, IL1-β, IL-6 and resistin6,53,54. In this
context, it was proposed that these cytokines can induce IR by activating
several serine-threonine kinase pathways (such as the transcription factor
NF-κB)which, in turn, phosphorylate insulin receptor substrate 1 (IRS-1) at
serine or threonine leading to IRS degradation, affecting the downstream
signaling cascade of insulin and consequently suppresses GLUT4 localiza-
tion in cell membranes, favoring a reduced capacity for glucose uptake and
utilization by cells6,53,54.

Another key event in the pathogenesis of NALFD is the formation of
reactive oxygen species (ROS) during inflammation, which, in addition to
mitochondrial damage, perpetuates the accumulation of metabolic inter-
mediates, with induction of endoplasmic reticulum stress, that over time,
triggers exacerbated ROS production11. As expected, the HFD group
exhibited an increase (p < 0.05) in TBARS and hepatic isoprostanes, mar-
kers of lipid peroxidation; curiously, even though the BSF group was
associated with the highest amount of DHA, a fatty acid sensitive to oxi-
dationdue to the elevatednumberof double bonds, itwas the groupwith the
lowest levels of TBARS, presenting significant differences compared to
HFD. This protection could be attributed to the action of PPAR-α activity
and the peptides with antioxidant activity previously mentioned26. In
addition, lipid peroxidation by-products have been shown to be highly
reactive and capable ofmodifyingnucleophilic lysine, cysteine, andhistidine
residues inproteins, predominantly in later stages ofNALFD55. In this sense,
BSF group presented a significantly lower amount of protein carbonyls in
contrast to theHFDgroup, indicating that supplementationattenuatedROS
production and therefore lipid and protein oxidation, making lipid/protein
peroxidation a validated marker of oxidative stress.

In contrast to this feature, in all living organisms, ROS levels are
controlled by a complexnetwork of antioxidant defenses, which reduce (but
do not completely prevent) oxidative damage to biomolecules56Glutathione
peroxidase (GSH-Px) is oneof themaincellular antioxidant enzymes,which
reduces complexhydroperoxides into their respective alcohols usingGSHas
a reducing agent57. This may explain why, in this study, it was observed that
although HFDmice showed a significant increase in GSH and GSSG levels
(possibly as a compensatory mechanism) compared to CD and supple-
mented mice, their oxidative stress parameters were exacerbated.

There are limited studies addressing the impact of the amount of
dietary ALA on its own accumulation and conversion to longer chain n-3
PUFAs, an aspect being relevant to study because (i) its storage (adipose
tissue) may represent a reservoir of slow-release ALA that other tissues use
over time (e.g., brain)23; and (ii) the generation of lipidmediators that can be
produced in the conversion of ALA to DHA, namely, the specific pro-
resolving mediators (SPMs) with dual anti-inflammatory and proresolving
bioactivity, including resolvins, protectins and maresins, which modulate
the function of endothelial cells and the immune system58.Alongwith this, it
is essential to counteract the harmful effects of high intakes of carbohydrates
and palmitic acid (C:16:0), given that they induce vascular inflammation by
activating the immune system (Toll-like receptors (TLR) 2 and 4). Conse-
quently, enhancement in the formation of precursors of lipid intermediates
such as ceramides, IL-6, and NF-κB activation, represents a mechanism by
which NAFLD promotes the development of vascular damage and
atherosclerosis12,59,60. In this context, hamsters fed different amounts of ALA
for 5 weeks (between 1 and 40 g ALA/100 g total fatty acids), showed a
dramatic ALA content increase in epididymal adipose tissue, but to amuch
lesser extent than in redblood cells, althoughDHAcontentdidnot change47.
The results of the present investigation corroborated that the ALA (2.6 g/
100 g) contained in the supplementation with BSF, increased the levels of
this fatty acid in epidemic adipose tissue and in erythrocytes. However, in
these mice there was unexpectedly a significant increase of DHA in

erythrocyte phospholipids compared to the HFD group. In addition, HFD
diet has the ability to alter the fatty acid composition of tissues which can be
corrected with dietary intervention, as they contribute to preserve the
antioxidant capacity61, as demonstrated in our study. Regarding stool
composition, supplementation reduced the absorption of saturated fats,
leading to a higher amount of palmitic acid in the feces compared to the
HFD group, as well as increased levels of n-6 and n-3 polyunsaturated fatty
acids. This effectmay be attributed to thefiber contentmentioned earlier (64).
These findings may partially explain the observed changes in the fatty acid
profiles of various tissues and the overall lipid profile.

In this study, theanalysisof theSCFAscomposition in the stool indicates
thatmice fedwith BSF had a significantly higher amount of total SCFAs than
theCDandHFDgroups. This aspect has been little studied in the literature so
it would be important to further assess the SCFA profile in the future.

In addition, the stool of the BSF mice had higher moisture and fat
compared to the control groups (CDandHFD)due to thewater absorption/
retention capacity produced mainly by the soluble fiber and the action of
SCFAs that regulate the absorption of water, minerals and fat62,14. Further-
more, SCFAs also contribute to decrease the pH which inhibit potential
pathogens and promote growth of beneficial bacteria14. Conversely, the pH
analysis reflected a slight decrease in the supplemented groups compared to
CD and HFD, presumably due to the production of SCFAs, since, being
weak acids, they can decrease the colonic pH and, as a result the pH of stool.
This could be a potential advantage because it has been observed that a low
pH can inhibit the growth of sensitive pathogenic bacteria and favor the
growth of beneficial bacteria14. This latter aspect is relevant in the patho-
genesis of NALFD because intestinal dysbiosis could alter the production of
bacteria and metabolites such as tryptophan, bacterial lipopolysaccharides
(LPS) and thus deregulate the inflammatory activation of Kupffer cells,
change the enterohepatic circulation of bile acids, causing inflammation and
finally hepatic steatosis2. Evidence further highlighted the beneficial role of
gut microbiota-derived SCFAs in managing energy homeostasis by reg-
ulating PPAR-α and enzymes involved in mitochondrial lipid oxidation
such as acetyl-CoA carboxylase and carnitine-palmitoyl transferase 113.

The analysis of the SCFA profile in mice stool, identified that the BSF
group contributed significantly to the production of SCFAs followed by
those fed with OAF, acetic acid > propionic acid > butyric acid. Similar
findings were reported by several authors, which detected significant
increase of these SCFAs, both in vitro, mice and human models14,43,63.

On the other hand, the dietary fiber contained in supplements could be
considered as potential prebiotic, since it is known that bacteria belonging to
the phylum Bacteroidetes make up a large proportion of the intestinal
microbiota and mainly produce propionate together with acetate14. In
addition, Wongputtisin and Khanongnuch64 investigated the prebiotic
properties crude basil oligosaccharide. The results revealed an increase in
total lactic acid bacteria and decrease in Salmonella-Shigella spp group,
suggesting the prebiotic potential of this fiber.

Also, the specific effect of oat on thepreviouslymentionedresults could
be based on what was recently published by Gao et al. (2022), who reported
that oat fiber supplementation is able to block the TLR4 signaling pathway
and decrease the expression of NF-κB p65 in intestinal tissues ofmalemice.
In addition, they indicated that oat fiber increases the expression of tight
junction proteins, including zonula occludens-1 (ZO-1) and occludin, thus
contributing to maintaining the integrity of the intestinal barrier65. The
mechanismsbywhichBSF andOAFcan reduce IR and steatosis,mentioned
in the discussion, are summarized in Fig. 5.

In conclusion, this research aimed to determine the effects of fiber-rich
fraction of partially defatted basil seeds against IR and hepatic steatosis
induced by a high-fat diet and its contribution on the tissue content of n-3
PUFAs and SCFAs in mice. The HFD diet induced IR, hepatic steatosis,
proinflammatory status, oxidative status and a significant decrease in SCFA
production. In contrast, theHFDdiet supplementedwithBSF and to a lesser
extent with OAF achieved protective effects by exhibiting an improvement
in IR-related parameters, attenuation of steatosis, liver damage and oxida-
tive stress, aswell as, decreased inflammatory status, increasedn-3PUFAs in
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liver, adipocytes and erythrocyte and increased SCFAs. Taking this into
account, supplementation with BSF exerted protection, so this product
could be considered as a potential therapeutic line for themanagement of IR
and reversal of hepatic steatosis in humans. In addition, this study allowed
the revaluation of industrial residues from the production of basil seed oil
emerging in the market, by proving that the expeller obtained can become
an excellent source of dietary fiber, insoluble fiber and ALA. It remains for
future research to determine and quantify the polyphenols thatmay remain
in the product since there is a possibility that they could contribute to or
explain the decrease in the metabolic complications studied.

Methods
Materials
The basil seedswere cultivated in theCentral Zone of Chile, specifically inO
´Higgins and Maule Regions and provided by the company SPS Food
(South Pacific Seeds), Chile.

By-product obtention and characterization
Firstly, basil seeds expellerwas obtained after the cold pressingprocess using
a Komet vegetable oil extractor (model DD85G, IBGMonforte, Germany).
Subsequently, the partially defatted pellets were subjected to grinding in a
micropulverizer model ZM-200, RETSCH mill for 10min at 13,440 × g.

Afterward, the fiber-rich fraction was obtained by dry fractionation using
the methodology proposed by Vázquez-Ovando et al. 66 modified by using
an analytical sievemodel RS-200, RETSCHwith a sieve of 212 µm pore size
for 10min. The portion that remains at the top of the sieve corresponds to
the fiber-rich fraction of partially defatted basil seeds.

After that, the nutritional composition was determined by using
AACC methods and expressed in g/100 g on dry basis67. In brief, the ash
content was performed in a muffle furnace by incineration according to
Official Methods 08-0368; the protein content was determined by using the
Kjeldahl method and the moisture in an oven (Biobase, China) at 105 °C
until constant weight. The total, soluble and insoluble dietary fiber contents
were determined by the total dietary fiber assay procedure of AOAC
Method 991.43 based on an enzymatic and gravimetric method by using a
K-TDFR kit, Megazyme, Ireland69.

The total fat was determined according to Bligh and Dyer70, and
quantified gravimetrically (g fat/100 g sample). Prior to chromatographic
analysis for fatty acid determination, lipid samples were derivatized to fatty
acid methyl esters (FAMEs) with BF3 (20%methanol solution) according to
themethodologyofMorrisonandSmith71.TheFAMEswereanalyzedbygas-
liquid chromatography (GC) on an Agilent GC unit (7890 A), using a
capillary column (Agilent HP-88.60m× 0.25mm; ID. 0.25mm) and a flame
ionization detector using C23:0 as internal standard (Nu-Check Prep, USA).

Fig. 5 | Summary of the effects of supplementation with BSF and OAF and the
possible metabolic pathways or mechanisms involved in the reversal of IR and
hepatic steatosis. Fiber, present in BSF and OAF, plays a crucial role in improving
metabolic parameters through several potential mechanisms. At the digestive level,
fiber increases gastric emptying time, decreases lipid absorption (such as palmitic
acid), and promotes the excretion of bile salts. These effects help reduce body weight
by decreasing nutrient absorption and promoting fat elimination. This results in
lower fat accumulation in adipocytes, improved homeostasis, and decreased secre-
tion of proinflammatory cytokines (such as TNF-α, IL-1β, and IL-6) that alter insulin
signaling, thus contributing to the improvement of IR. At the vascular level, reduced
palmitic acid presence decreases vascular inflammation by decreasing the activation
of TLR2 and TLR4, NF-κB, and consequently proinflammatory cytokines, thereby
preventing the phosphorylation IRIS-1. This also restores lipid metabolism by
preventing the accumulation of lipid intermediates such as ceramides and enhancing
insulin sensitivity. At the hepatic level, fiber reduces caloric intake and the amount of

circulating nutrients (TG, cholesterol), inhibits de novo fatty acid synthesis in the
liver, and reduces mitochondrial damage. This leads to less nutrient oxidation and
improved hepatocyte integrity, reflected in decreased lipid peroxidation and reduced
hepatic enzyme levels. At the intestinal level, soluble fiber increases water retention
and reduces intestinal pH by favoring the production of SCFAs. This inhibits the
growth of pathogenic bacteria and prevents dysbiosis, which could otherwise
deregulate inflammation. On the other hand, oats could improve the integrity of the
intestinal barrier by increasing the expression of tight junction proteins such as ZO-1
and occludin, preventing the passage of LPS and the activation of TLR4.Meanwhile,
BSF, rich in ALA, upon conversion to DHA, activates PPAR-α, regulating
β-oxidation and fatty acid synthesis, and produces anti-inflammatory lipid media-
tors such as resolvins and protectins, which modulate endothelial and immune
system function, improvingmetabolic health. Additionally, it contains peptides with
antioxidant activity and amylase inhibitory capabilities. ↑, increases; ↓ decreases,
(+ ) stimulates, (-) inhibits.
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Animal model and diets
Thecontrol diet (CD)with 10%of calories as fat, andHFDwith60%calories
as fat, were obtained from the Research Diets, Inc. laboratory (USA). The
dietary fiber supplementation consisting of fiber-rich fraction of partially
defatted basil seeds (BSF), or oat flour (OAF) used as control, were calcu-
lated based on the WHO recommendations: 25 g/day considering a 2000-
calorie diet, in conjunction with estimates reported in the literature (Sup-
plementary Table S1)11,15,19. The sample size was calculated using a
spreadsheet from the Clinical Epidemiology and Biostatistics Unit of the
Complejo Hospitalario Universitario A Coruña, considering the change in
hepatic lipid content as a critical variable; with a reduction of 7.32% ± 0.162
according to data reported in the literature16 and considering the statistical
significanceparameters ofp < 0.05, power of 0.9 and amargin of loss of 20%,
it was estimated that 6 animals per group were required. Male C57BL/6 J
mice (n = 28) obtained from the University of Chile biotherium were ran-
domly assigned to 4 groups (n = 7), one group was given CD and 3 groups
received HFD. After 10 weeks, two HFD groups were supplemented with
fiber-rich fraction of partially defatted basil seeds (BSF) or oat flour (OAF)
for 4 weeks. The mice had free access to diet and water, with ambient
temperature control on a light-dark cycle of 12 hours each. The animals
belonging to each group were kept in separate cages. After 14 weeks of
intervention and a 12-h fasting, the animals were anesthetized with inhaled
isoflurane (Lunan Better Pharmaceutical Co., Ltd., China). The procedure
was performed in the Biotheriumof theDepartment ofNutrition, Faculty of
Medicine, University of Chile with the support of a veterinarian. The pro-
cedure started with the control groups (CD and HFD) and then continued
with the supplemented groups (BSF and OAF). Blood samples were
extracted by cardiac puncture and then centrifuged at 1646 × g for 15min.
In addition, samples from liver, brain and epididymal adipose tissue were
collected and weighed, prior to being introduced into liquid nitrogen. The
collected samples were stored at –80 °C until subsequent analysis, except for
a liver section destined for histology that was stored in formaldehyde.

Ethics statement
Experimental animal protocols and animal’s procedures complied with the
Guide for the Care and Use of Laboratory Animals (National Academy of
Sciences, NIH Publication 86-23, revised 1985) and were approved by the
Ethics Committee of the Faculty of Medicine, University of Chile (protocol
CBA #1118 FMUCH).

Body weight and dietary and water intake
Body weight, dietary and water intake were measured daily by means of a
scale and a graduated test tube, respectively and expressed in grams orml as
appropriate.

Metabolic parameters
Serumglucose (mg/dL), and insulin (μUI/mL)weremeasured using specific
diagnostic kits (Wiener Lab, Argentina). The IR was determined following
the Eq. (1) according to Matthews et al. 7 :

IR ¼ Fasting Insulin μU
mL

� �
x Fasting Glucose ðmmol

L Þ
22:5

ð1Þ

Total cholesterol, LDL, high density lipoproteins (HDL), andTG levels
(mg/dL) weremeasured by using test strips (KENSHIN-2, Japan). LDLwas
determined by applying the Eq. (2) by Friedewald 197272.

LDL ¼ Total Cholesterol �HDL� TG
5

ð2Þ

Evaluation of hepatic steatosis and damage
The hepatic accumulation of lipids was evaluated quantitatively by deter-
mining the percentage of cells with infiltration of lipid vesicles in liver
sections stained with hematoxylin-eosin. The qualitative evaluation

considered the presence of macro- and micro-vesicular hepatic steatosis
according toBrunt et al. 73. TGand total cholesterolwere determinedusing a
specific enzyme kit (Wiener Lab, Argentina) and expressed in mg/g liver.
Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT)
and γ-glutamyl transpeptidase (GGT) levels weremeasured using test strips
(KENSHIN-2, Japan) and expressed in U/L.

Oxidative stress and inflammatory parameters
Hepatic levels of F8-isoprostanes and carbonylated proteins weremeasured
by ELISA and colorimetric kits (Cayman Chemical, USA) and expressed in
pg/mg tissue andmmol/mg tissue, respectively. Hepatic thiobarbituric acid
reactive substances (TBARS) levels were determined by using a colorimetric
kit (R&DSystems,USA) andexpressed inμMMDA/mg tissue. Serum levels
of tumornecrosis factor alpha (TNF-α), interleukin 6 (IL-6), and interleukin
1 beta (IL-1β) were used using ELISA kits (R&D Systems, USA).

Evaluation of antioxidant defense in liver
The evaluation of reduced glutathione (GSH), oxidized glutathione (GSSG)
and GSH/GSSG ratio was measured using an enzymatic recycling method,
as previously described by Rahman et al. (2006) and expressed in μmol/g
liver74. In short, the amount of total glutathione was determined by ana-
lyzing the formation of 5-thio-2-nitrobenzoic acid (TBA) from5,5-dithiobis
2-nitrobenzoic acid (DTNB). GSSG was measured by adding 2-vinylpyr-
idine, which inhibits TBA formation when DTNB and glutathione react.
Total GSH and GSSG levels were defined by the changes in the optical
density at 412 nm for 2min at every 30 s interval.

Analysis of fat content and fatty acid profile in liver, adipose,
erythrocytes, brain tissue and stool
The determination of total fat and fatty acid profile in the liver and stoolwas
performed according to previously described in “By-product obtention and
characterization” section, quantified gravimetrically and expressed as g fat/
100 g tissue or stool.

Quantification of resolvins
Resolvins D1 (RvD1) and resolvins D2 (RvD2) were determined by using
specific ELISA kits (pg/mg tissue), with sensitivities of 5.0 and 2.0 pg/mL,
respectively (MyBioSource, USA), according to manufacturer’s
instructions.

Gene expression assays
Total RNAwas isolated from liver samples using Trizol (Ambion, Carlsbad,
CA, USA), according to the supplier’s protocols. Purified RNA was treated
with DNAase I (DNA-freeTM Kit; Invitrogen, Vilnus, Lithuania). Then
1 µg of total RNAwas used to generate single-stranded cDNA (Peroxisome
proliferator-activated receptor alpha; PPAR-α, Sterol response element
binding protein; SREBP-1c, Nuclear factor kappa-light-chain-enhancer of
activatedBcells;NF-kβ-1,Carnitinepalmitoyl transferase 1α; CPT1α), Fatty
acid synthase; FAS,TNF-α, IL-1β, IL-6, usingHigh-Capacity cDNAReverse
Transcription Kit (Appliedbiosystems, Vilnus, Lithuania). The cDNA was
amplified using theTaqMan®Gene ExpressionAssays (Appliedbiosystems,
Pleasanton, CA, USA) in a total volume of 20 µL. Real time PCR was
performed in an AriaMx qPCR System (Agilent Technologies, Penang,
Malaysia) following the manufacturer’s recommendations (Appliedbio-
systems, Pleasanton, CA, USA). Expression levels of target genes studied
were normalized by the expression of GAPDH as internal control. Fold
change between groups was calculated by the 2-(ΔΔCt) method, as estab-
lished by Pfaffl75

Determination of pH, moisture and SCFAs in stools
The total fat of the stool samples was extracted according to Bligh andDyer,
195976, quantified gravimetrically and expressed as g of fat/100 g stool. Stool
moisture was determined by placing the samples in an oven at 105 °C until
they reached a constant weight. Samples for SCFAs stool analysis were
performed according to methodology of Tirado et al. 77. The pH of fecal
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sampleswas taken once aweek and frozen at–20 °C for subsequent analysis.
Prior to the analysis, the samples were prepared according to the metho-
dology proposed by García et al. 63. In short, 200mg of each sample was
extracted in Eppendorf tubes andmechanically shakingwith 1ml deionized
water for 1min. Then, the pH of each sample was adjusted to 2–3 and
subsequently centrifuged for 10min at 26.342 × g. Finally, 195 μl super-
natant was transferred to a vial and 10 μl of internal control (2 ethyl butyric
acid 40mM) was added. The samples were stored at –20 °C until analysis.
SCFAs were determined according to Sasaki et al. 14 by using gas chroma-
tography (GC)onAgilentGCunit (7890 A), bymeans of a capillary column
(Agilent HP-88.60m × 0.25mm; ID. 0.25mm) and a flame ionization
detector with C6H12O2 as internal standard (Sigma-Aldrich, USA).

Statistical analysis
All the analysiswasperformed in triplicate.The results of proximate analysis
were reported as means ± standard deviation (SD). One-way ANOVAwas
used to compare means values, and significant differences (p < 0.05) were
calculated with the Tukey´s post-hoc test. Since the data obtained from the
animal model did not exhibit normality of variances, the results were ana-
lyzed using non-parametric statisticalmethods and are presented asmedian
and interquartile ranges. The normal distribution of the data was evaluated
using the Shapiro Wilk test, and the Kruskal Wallis test was applied, fol-
lowed by the Dunn’s test for multiple comparisons, values with different
letters represent significant difference (p < 0.05).

Data availability
The original contributions presented in the study are included in the article,
further inquiries can be directed to the corresponding author.
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ADA American Dietetic Association
ALA α-linolenic acid
ALT alanine aminotransferase
AST aspartate aminotransferase
BSF fiber-rich fraction of partially defatted basil seeds
CD control diet
CPT1α carnitine palmitoyl transferase 1α
CVD cardiovascular disease
DHA docosahexaenoic fatty acid
DNTB 5,5-dithiobis 2-nitrobenzoic acid
EFSA European Food Safety Authority
EPA eicosapentaenoic acid
FAMEs fatty acid methyl esters
FAS fatty acid synthase
GC gas chromatography
GGT gamma-glutamyl transpeptidase
GSH reduced glutathione
GSH-Px Glutathione peroxidase
GSSG oxidized glutathione
HDL high density lipoproteins
HFD high-fat diet
HOMA-IR homeostatic model for insulin resistance
IL-1β interleukin 1 beta
IL-6 interleukin 6
IR insulin resistance
IRS-1 phosphorylate insulin receptor substrate 1
LA linoleic acid
LDL low-density lipoprotein
MetS metabolic syndrome
MUFAs monounsaturated fatty acids
NAFLD Non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
OAF oat flour
PPAR-α peroxisome proliferator-activated receptor alpha
PUFAs polyunsaturated fatty acids

Resolvins
D1

RvD1

Resolvins
D2

RvD2

ROS reactive oxygen species
SAFAs saturated fatty acids
SCFAs short-chain fatty acids
SD standard deviation
SPMs pro-resolving mediator
SREBP-1c sterol response element binding protein
NF-kβ-1 nuclear factor kappa-light-chain-enhancer of activated

B cells
T2DM type 2 diabetes mellitus
TBA 5-thio-2-nitrobenzoic acid
TBARS thiobarbituric acid reactive substances
TG triglycerides
TLR toll-like receptors
TNF-α Tumor necrosis factor alpha
WHO World Health Organization
ZO-1 zonula occludens-1
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