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This study aimed to investigate the effects of two types of peanuts, regular 
Hanoch (HN) and a new high-oleic cultivar., Hanoch-Oleic (HO), on metabolic 
parameters and gut microbiota composition. Male C57BL/6 mice were fed with a 
normal diet (ND) or ND supplemented with HN (NDh) or HO (NDo). Following 18 
weeks of diet regimen, the NDo group exhibited reduced body weight and peri-
gonadal adipose-to-body weight ratio, paralleled to lesser food consumption. 
Although blood levels of total cholesterol, HDL-cholesterol, free fatty acids, and 
liver enzyme levels did not differ between groups, decreased insulin sensitivity 
was found in the NDh group. Within adipose tissue, the expression of lipolytic 
and lipogenic enzymes was higher, while those related to lipid oxidation were 
lower in the NDh group compared to the NDo group. Additionally, HO peanuts 
consumption promoted the establishment of a healthy microbiota, with an 
enhanced abundance of Bifidobacterium, Lactobacillus, and Coprococcus 
genera. In conclusion, the inclusion of the HO peanut cultivar., rather than the 
conventional peanut cultivar., in a balanced diet was related to better metabolic 
outcomes and was linked to a favorable microbiota profile.

KEYWORDS

peanuts, oleic acid, liver, adipose-tissue, gut microbiota

Introduction

Peanuts (Arachis hypogaea) are legumes from a botanic perspective. Yet, they are 
nutritionally classified as nuts and have comparable culinary use (1). Peanuts are a rich source 
of macro and micronutrients, as well as phytochemicals, such as polyphenols, isoflavones, 
phytosterols, and resveratrol (2, 3). Regarding their macronutrient composition, fats constitute 
the dominant part. Unsaturated fatty acids make up about 80% of all fats, with 50% of them 
consisting of monounsaturated fatty acids (MUFA) and 30% polyunsaturated fatty acids 
(PUFA). Saturated fat contents in peanuts are low, whereas trans fats and cholesterol are 
completely absent (4, 5). Among MUFA, oleic acid is considered health-promoting with much 
impact on all body systems (6). For example, in Type 2 diabetes patients, oleic acid was found 
to diminish inflammation and oxidative stress and to improve glucose homeostasis, as 
manifested by the amelioration of insulin resistance, and increased pancreatic beta-cell survival 

OPEN ACCESS

EDITED BY

Lara Costantini,  
University of Tuscia, Italy

REVIEWED BY

Tiande Zou,  
Jiangxi Agricultural University, China  
Maria Raquel Marçal Natali,  
State University of Maringá, Brazil

*CORRESPONDENCE

Sarit Anavi-Cohen  
 saritanavi@pac.ac.il  

Zecharia Madar  
 zecharia.madar@mail.huji.ac.il

RECEIVED 13 April 2023
ACCEPTED 28 June 2023
PUBLISHED 27 July 2023

CITATION

Anavi-Cohen S, Tsybina-Shimshilashvili N, 
Zandani G, Hovav R, Sela N, Nyska A and 
Madar Z (2023) Effects of high oleic acid 
peanuts on mice’s liver and adipose tissue 
metabolic parameters and gut microbiota 
composition.
Front. Nutr. 10:1205377.
doi: 10.3389/fnut.2023.1205377

COPYRIGHT

© 2023 Anavi-Cohen, Tsybina-Shimshilashvili, 
Zandani, Hovav, Sela, Nyska and Madar. This is 
an open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic practice. 
No use, distribution or reproduction is 
permitted which does not comply with these 
terms.

TYPE Original Research
PUBLISHED 27 July 2023
DOI 10.3389/fnut.2023.1205377

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2023.1205377﻿&domain=pdf&date_stamp=2023-07-27
https://www.frontiersin.org/articles/10.3389/fnut.2023.1205377/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1205377/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1205377/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1205377/full
mailto:saritanavi@pac.ac.il
mailto:zecharia.madar@mail.huji.ac.il
https://doi.org/10.3389/fnut.2023.1205377
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2023.1205377


Anavi-Cohen et al. 10.3389/fnut.2023.1205377

Frontiers in Nutrition 02 frontiersin.org

(6–8). Recently, a high-oleic Virginia-type peanut cultivar., known as 
“Hanoch-Oleic” (HO) was developed in Israel. Compared to the 
leading nowadays variety “Hanoch” (HN), this new strain consists of 
higher oleic acid contents while the overall fat fraction remained 
similar. Specifically, the HO fat fraction is composed of 82.7% oleic 
acid (vs. 55% in HN), 2% linoleic acid (vs. 25% in HN), 4.9% palmitic 
acid, and ~10% of other fatty acids. More favorable health effects are 
anticipated as a result of the increase in oleic acid and/or the decrease 
in linoleic acid.

The impact of regular intake of peanuts on diverse diseases and 
pathologic conditions has been recently reviewed (1). Notwithstanding 
inconsistencies, data obtained from epidemiological and clinical 
investigations advocate the health-promoting outcomes of peanuts 
inclusion in the diet. Most of the research that has been conducted to 
date specifically with peanuts, used the regular, in terms of fatty-acids 
composition type. Given the recognized importance of different types 
of fatty acids on multiple systems, it is highly imperative to explicitly 
evaluate the consequences induced by high-oleic peanuts.

An essential factor influencing the host’s health is the gut 
microbiota (9). Changes in the composition of the gut microbiome are 
directly related to dietary content and the nutrients taken by the 
individual. A dysbiosis state brought on by an unhealthful, imbalanced 
diet can encourage the onset and/or the progression of several 
pathological illnesses/conditions, including obesity, nonalcoholic fatty 
liver disease (NAFLD), inflammation, inflammatory bowel disease 
(IBD), and cancer (10, 11).

The close anatomical proximity of the liver, visceral white adipose 
tissue, and intestine has given rise to the concept of the “gut-adipose 
tissue-liver” axis which contends that these tissues interact 
functionally. The “gut-liver” axis includes the interaction of intestinal 
microbiome metabolites with liver receptors (12). Consequently, the 
gut microbiota may directly influence the development of hepatic 
inflammation and liver disorders (13). As an alternative, according to 
this supposition, numerous additional compounds made by gut 
bacteria may also reach the liver and elicit positive effects on this 
tissue. The existence of the “gut-adipose tissue” axis has been 
supported by mounting data, albeit being considerably less clearly 
defined. A comprehensive understanding of the effects exerted by 
habitual peanuts consumption on the aforementioned axes is 
currently lacking.

This work was conducted to elucidate the effects of two peanuts 
strains, namely “Hanoch” and “Hanoch-Oleic” which contain regular 
or augmented oleic contents, respectively, on metabolic parameters in 
the liver and adipose tissue, as well as on gut microbiota composition.

Materials and methods

Experimental animals, and diets

All animal experiments were done in accordance with the rules 
of ethics of the Hebrew University of Jerusalem, Israel (AG-16-
14784-2) and were approved by Institutional Animal Care 
Ethics Committee.

Male C57BL/6 J four-week-old mice (n = 24), were randomly 
divided into 3 groups, respectively (n = 8 per group) and housed in 
cages. All mice were maintained at 22 ± 2°C, with controlled moisture 
of 60%, and in a 12 h light/12 h dark cycle with ad libitum access to 

food and water. After an acclimation period of standard rodent food, 
the food was replaced by experimental diets. Two peanut cultivars: 
“Hanoch” (HN, 55% oleic acid) and “Hanoch-Oleic” (HO, 80% oleic 
acid) were added to the normal diet (ND). The composition of the two 
peanut varieties is presented in Table 1.

Experimental groups were as follows: (1) ND, (2) ND with 
“Hanoch” (NDh) peanuts, w/w 4%, (3) ND with high-oleic acid 
“Hanoch-Oleic” (NDo) peanuts, w/w 4%. The composition of the diets 
is detailed in Table 2. Of note, the control, ND group, was also used as 
a control group in a previously published study (14). All mice were on 
these diets for 18 weeks until elimination. Body weight was recorded 
once a week and food intake was measured three times weekly.

Oral glucose tolerance test

On week 16, an oral glucose tolerance test (OGTT) was 
performed. Mice were fasted overnight (12 h) and then weighed and 
marked. D-glucose was dissolved in a 30% solution and administered 
to mice by oral gavage at doses of 10 μL per 1 g body weight. Glucose 
levels were measured before and 30, 60, and 120 min after the glucose 
loading. Blood was taken from the tail tip and glucose levels were 
measured using a glucometer (Free Style Optimum Neo, Oxon 
United Kingdom).

Animal sacrifice and organ collection

At the end of the 18th week, 12 h-fasted mice were weighed and 
randomly eliminated by isoflurane USP inhalation. Blood was drawn 
from the vena cava. Liver and peri-gonadal adipose tissues were 
removed, weighed, placed in liquid nitrogen, and stored at −80°C. The 
cecum content was collected and stored at −80°C for 
microbiota analysis.

Plasma analysis

Plasma was obtained by centrifugation at 8,000 × rpm at 4°C for 
10 min and stored at −20°C. blood liver enzymes and lipid profile 
were measured (American Laboratory, Herzliya, Israel). Plasma 
insulin levels were determined using an Insulin Rat/Mouse ELISA Kit 
(Cat. #EZRMI – 13 K). The HOMA-IR index was calculated by using 

TABLE 1 Seed composition of the two peanut varieties.

Peanut variety

Compounds Hanoch (HN) Hanoch-oleic (HO)

Carbohydrates % 20.9 21.5

Protein % 23.5 22.6

Fat % 49.5 48.7

C16:0 (palmitic acid) % 8.4 4.99

C18:0 (stearic acid) % 3.23 2.03

C18:1n9 cis (oleic acid) % 55.28 82.68

C18:2n6 (linoleic acid) % 25.01 2.08

HN, conventional peanut strain; HO, high oleic peanut strain.
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the following formula: [Fasting insulin concentration (microU/mL) * 
Glucose concentration (mg/dL) /405]. Free fatty acids in plasma were 
determined using an Abcam Free Fatty Acids Quantification Assay Kit 
(ab65341) according to the manufacturer’s instructions.

Histological examination and 
determination of triglyceride levels in liver 
tissue

During mice sacrificing, a small portion of the right lobe of the 
liver was cut off and placed in formaldehyde 4%. Histological slides 
were prepared by Patholab (Rehovot, Israel) and examined as 
previously described (15). Briefly, liver samples were dissected, placed 
in plastic cassettes, and subjected to a dehydration process. Following 
dehydration, the samples underwent embedding in paraffin blocks 
using an automated apparatus. Subsequently, serial sections, 
approximately 3–5 μm thick, were cut from each block and 
transferred onto glass slides. These sections were then stained with 
hematoxylin and eosin (H&E) and covered using an automated 
apparatus. Histopathological changes were assessed and evaluated by 
the study pathologist. A semiquantitative grading system consisting 
of five grades (0–4) was employed, considering the severity of the 
observed changes. The assigned scores indicate the dominant degree 
of the specific lesions observed throughout the entire field of the 
histology section. The grading criteria utilized were as follows: zero 
(0) indicates the absence of lesions; 1 signifies minimal change; 2 
represents mild change; 3 indicates moderate change; and 4 denotes 
marked change.

Liver triglyceride levels were measured by the Triglyceride 
Quantification Assay kit (Abcam, ab-65,336) according to the 
manufacturer’s instructions.

Protein extraction and Western blotting

Total protein was extracted from liver and adipose tissue with a 
lysis buffer containing: 20 mM Tris–HCl (pH 7.4), 145 mM NaCl, 
10% glycerol, 5 mM EDTA, 1% Triton X-100, 0.5% NP-40, 100 μM 
PMSF, 200 μM NaVO4, 5 mM NaF, and 1% protease inhibitor 
cocktail. To remove protein, 50 mg of liver or 100 mg of adipose 
tissue respectively, was weighed and homogenized with 500 μL lysis 
buffer. Lysates were centrifuged at 14,000 × rpm at 4°C for 15 min 
twice, and the protein concentration was determined by the Bradford 
method with 200 μM BSA used as a standard. Then, 40 μg of each 
sample was electrophoresed through 10% SDS-PAGE, after which 
proteins were transferred onto 0.2 μm nitrocellulose membranes. To 
inhibit non-specific proteins on transferred membranes, blocking 
was completed using a 5% skim milk solution (BD Difco skim milk) 
diluted in TBST × 1. Blots were incubated with primary 
antibodies:anti-rabbit AMPK diluted 1:10,000, pAMPK diluted 
1:10,000 (Thr-172), anti-rabbit ACC diluted 1:1,000, pACC diluted 
1:10,000 (Cell Signaling Technology, Beverly, MA, United States); 
anti-mouse β-actin diluted 1:5,000 and anti-mouse iNOS diluted 
1:1,000 (BD biosciences, United States); anti-rabbit CREB diluted 
1:1,000, pCREB diluted 1:1,000 and anti-rabbit CD36 diluted 1:1,000 
(Abcam, United Kingdom). Then, after several washes, blots were 
incubated with secondary goat antibodies diluted 1:10,000 (Jackson 
Immuno Research Laboratories, West Grove, PA, United States). The 
immune reaction was detected by enhanced chemiluminescence, 
with bands being quantified by densitometry and expressed as 
arbitrary units. An unspecific band out of the total protein (Ponceau) 
was used as a housekeeping protein.

Quantitative real-time polymerase chain 
reaction

Total RNA was isolated from liver tissue by using the Tri-Reagent 
(Sigma-Aldrich, United States) method and from the adipose tissue 
by using the RNeasy Lipid Tissue Mini Kit, Qiagen (Cat. 74804). 
cDNA was prepared by reverse transcription by a High-Capacity 
cDNA Reverse Transcription Kit (Quanta BioSciences, Gaithersburg, 
MD, United  States). Quantitative real-time PCR (RT-qPCR) was 
performed using the 7300 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, United States). Quantitative changes in 
gene expression were normalized by 18S mRNA as a reference gene. 
The primer sequences and probes used for RT-qPCR are described in 
Table 3.

Metagenomics

Preparation of 16S ribosomal RNA gene 
amplicons for the Illumina system

The effects of each diet on the bacterial population in the gut 
microbiome were examined with the analysis of the prokaryotic 16S 

TABLE 2 Diet consumption.

Ingredients ND NDh NDo

Casein (g) 21 20.19 20.19

L-Methionine (g) 0.3 0.29 0.29

Corn Starch (g) 50 48.08 48.08

Maltodextrin (g) 10 9.62 9.62

Anhydrous milkfat (g) 2 1.92 1.92

Sucrose (g) 3.9 3.75 3.75

Cellulose (g) 3.5 3.37 3.37

Soybean oil (g) 2 1.92 1.92

Lard (g) 2 1.92 1.92

Peanut (g) - 3.85 3.85

Mineral mix (g) 3.5 3.5 3.5

Vitamin mix (g) 1.5 1.5 1.5

Choline Chloride (g) 0.3 0.3 0.3

BHT (g) 0.014 0.014 0.014

Total (g) 100 100 100

Total (kcal) 394.89 403.6 403.28

Protein (%) 21.58 21.69 21.64

Carbohydrate (%) 64.75 62.14 62.20

Fat (%) 13.68 15.81 15.73

ND, normal diet; NDh, normal diet plus Hanoch 4% (w/w), the conventional peanut strain; 
NDo, normal diet plus the high oleic peanut strain Hanoch-Oleic 4% (w/w).
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ribosomal RNA gene (16S rRNA), using a two-step PCR-based 
method for preparing samples for sequencing the variable V3 and V4 
regions of the 16S rRNA gene. 16S paired-end amplicon sequences 
were demultiplexed, preprocessed, and analyzed using QIIME2 
(v2019.07) (16) and the DADA2 denoising pipeline (17). Sequences 
with 97% similarity were assigned to the same operational taxonomic 
units (OTU). OTUs were taxonomically assigned using qiime2 
q2-feature-classifier with greengenes version 13_8 (18). OTUs relative 
abundances were used to calculate and analyze rarefaction curves. 
Bacterial richness and diversity within samples were classified by 
alpha diversity (Pielou’s index, observed-species indices, and 
Shannon index). linear discriminant analysis (LDA) effect size 
(LEfSe) was calculated and visualized using LEfSe available as a 
Galaxy module1 (19). Functional analysis of the microbiome was 
done using PICRUSt2 (20) with QIIME2 plugin. Differential 
abundance analysis was done with DESeq2 (21). Visualization of 
PCA and Heatmap of differentially abundant functionality was done 
using the R package Clustvis (22).

Statistical analysis

The results are presented as means ± standard error (SEM). For all 
analyses, the JMP 14 Pro Software Suites (SAS Institute, Cary, NC, 
United States) was used. Comparisons between groups were made by 
one-way analysis of variance (ANOVA), followed by a Tukey–Kramer 
test or by unpaired two-tailed Student’s T-test. p-values < 0.05 were 
considered statistically significant.

1 http://huttenhower.sph.harvard.edu/galaxy

Results

The effect of peanuts addition to diet on 
mice weight, food intake, and liver and 
adipose tissue weight

Starting the third week and throughout the entire duration of the 
experiment (18 weeks), mice of the NDo group exhibited a lower body 
weight compared to the other groups, which was associated with reduced 
food consumption (Figure 1A; Table 4). Liver and adipose tissue weights 
were similar in all groups at the end of the experiment (Table 4). Given 
the observed variation in overall body weight, liver, and adipose tissue 
weight were also assessed as the ratio between these tissues-to-overall 
body weight. As shown in Figures 1B,C, enriching the diet with high 
oleic-acid peanuts resulted in a significant decline in the peri-gonadal 
visceral adipose-to-body weight ratio compared to NDh, whereas no 
significant change was observed in the liver-to-body weight ratio. The 
lack of effect of peanuts addition on liver fat accumulation was verified 
by histology and biochemical examination. Consistent with liver tissue 
weight, both analyses did not demonstrate profound alterations in the 
livers of the different groups (Figure 1D). The histological examination 
further revealed normal and equal inflammatory cell infiltration, which 
is frequently and spontaneously present in liver tissue (23), thus 
excluding the existence of liver inflammation in both peanuts-fed groups.

Blood biochemistry profile, HOMA-IR 
index, and the glycemic response following 
peanuts addition to diet

No change was observed in plasma triglycerides, total cholesterol, 
HDL cholesterol, and free fatty acids levels. Similarly, plasma levels of 
the liver enzymes AST, ALT, and ALP did not differ between the 

TABLE 3 Primers sequences.

Name Reverse Forward

18 s 5′-CCTCAGTTCCGAAAACCAAC-3′ 5′-ACCGCAGCTAGGAATAATGG-3′

Fasn 5′-GGTCGTTTCTCCATTAAATTCTCAT-3′ 5′-CTAGAAACTTTCCCAGAAATCTTCC-3′

SREBP-1C 5′-TAGATGGTGGCTGCTGAGTG-3′ 5′-GATCAAAGAGGAGCCAGTGC-3′

TNFα 5′-CCACAAGCAGGAATGAGAAGA-3′ 5′-ACGTGGAACTGGCAGAAGAG-3′

HSL 5′-TGCCCAGGAGTGTGTCTGAG-3′ 5′-AGGACACCTTGGCTTGAGCG-3′

ATGL 5′-GGTTCAGTAGGCCATTCCTC-3′ 5′-GTGCAAACAGGGCTACAGAG-3′

CPT-1 5′-CAGCGAGTAGCGCATAGTCA-3′ 5′-TGAGTGGCGTCCTCTTTGG-3′

IL-6 5′-TGCAAGTGCATCATCGTTGT-3′ 5′-ACTTCACAAGTCGGAGGCTTAAT-3′

PPARγ 5′-CAGCTTCTCCTTCTCGGCCT-3′ 5′-CACAATGCCATCAGGTTTGG-3′

PGC-1α 5′-AGAGCAAGAAGGCGACACAT-3′ 5’-AACAAGCACTTCGGTCATCC-3′

PPARα 5′-CTGCGCATGCTCCGTG-3′ 5’-CTTCCCAAAGCTCCTTCAAAAA-3′

G6Pase 5′-AAGAGATGCAGGAGGACCAA-3′ 5’ACTCCAGCATGTACCGGAAG-3′

PEPCK 5′-TGCAGGCACTTGATGAACTC-3′ 5’-CAAACCCTGCCATTGTTAAG-3′

18S, 18S ribosomal RNA; Fasn, Fatty acid synthase gene; SREBP-1C, Sterol regulatory element-binding transcription factor 1; TNFα, Tumor necrosis factor alpha; HSL, Hormone sensitive 
lipase; ATGl, Adipose triglyceride lipase; CPT-1, Carnitine palmitoyl transferase I; IL-6, Interleukin 6; PPARγ, Peroxisome proliferator-activated receptor gamma; PGC-1 α, Peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha; PPAR α, Peroxisome proliferator-activated receptor alpha; G6Pase, Glucose 6-phosphatase; PEPCK, Phosphoenolpyruvate 
carboxykinase; AdipoR1, Adiponectin receptor 1; AdipoR2, Adiponectin receptor 2; SAA-1, Serum amyloid A1.
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groups. While insulin concentrations were equivalent between the 
groups, the HOMA-IR index was greater in the NDh compared with 
the other groups (Table 5).

The influence of diet composition on the glycemic response was 
also evaluated using an OGTT during the 16th week of the experiment. 
The groups differed at two-time points, the fasting state and after 120 
min of the glucose load. During these two time points, blood glucose 
levels were slightly, but significantly, higher in the NDh group 
compared to the control group (Figure 1E).

The effect of peanuts addition to diet on 
liver gluconeogenesis and lipid metabolism

To reveal the effect of peanuts on liver gluconeogenesis, the 
expression of key players that participate in this metabolic pathway 
was examined. The NDh diet led to a significant increase in the 

p-CREB (ser133)/CREB ratio compared to the ND group (Figure 2A). 
However, this change paralleled to a profound decrease in the 
expression of the main gluconeogenic enzymes, G6Pase and PEPCK, 
and a trend toward a decrease in the expression of the co-activator 
PGC-1α (Figures  2B–D). CREB phosphorylation ratio as well as 
G6Pase and PEPCK expression were unaffected in the NDo group. 
Concerning lipid metabolism, there were no significant differences 
between the experimental groups in the expression of SREBP-1c, 
Fasn, PPARα, CPT-1, and PPARγ nor CD36 protein levels 
(Figures 2E–J).

AMPK is an essential kinase known to orchestrate numerous 
signaling pathways that modulate carbohydrates and lipid metabolism. 
AMPK activation, as assessed by the ratio between α-subunit 
phosphorylation at Thr172 to total protein, was unaltered by peanuts 
addition to the diet (Figure 3A). However, ACC phosphorylation, a 
well-accepted representative of AMPK activity was significantly 
enhanced by the addition of regular peanuts to the diet while only a 
tendency toward a higher ratio was observed in the NDo group 
(Figure 3B).

The effect of peanuts addition to diet on 
adipose tissue lipid metabolism

The effect of peanuts consumption on metabolic pathways related 
to lipids in adipose tissue was evaluated at the expression level. The 
expression of the two predominant enzymes that govern adipose 
tissue TG lipolysis, i.e., ATGL and HSL, was higher in the NDh group 
compared with NDo (Figures 4A,B). A similar pattern was observed 
in the expression of PPARγ, SREBP-1C, and FAS, which are key 

FIGURE 1

The effect of diets on body, liver, and adipose tissue weight and glucose tolerance. Mice consumed either a normal diet (ND), a ND diet plus 4% 
(w/w) of Hanoch (NDh), or Hanoch-Oleic (NDo) peanuts for 18 weeks. Body weight (A), liver weight to body weight (B), and adipose tissue weight 
to body weight (C) ratios were measured. Representative liver H&E staining from ND, NDh, and NDo. Arrows indicate normal minor inflammatory 
cell infiltration in all groups (D). An oral glucose tolerance test (OGTT) was performed two weeks before the end of the experimental period (E). 
A Tukey–Kramer HSD post hoc test and the Student’s T-test were performed. The values presented are mean ± SE (n = 8). Different letters indicate 
statistical variance at a significance level of p < 0.05.

TABLE 4 Initial and final body weight, food intake, and tissue weight.

Parameters ND NDh NDo

Initial body weight (g) 17.47 ± 0.53 17.11 ± 0.47 17.24 ± 0.22

Final body weight (g) 29.97 ± 0.86a 29.53 ± 1.4a 26.44 ± 0.67b

Food intake (g/day/mouse) 3.78 ± 0.05a 3.54 ± 0.08ab 3.31 ± 0.08b

Liver weight (g) 1.08 ± 0.04 1.04 ± 0.05 1.02 ± 0.08

Adipose tissue weight (g) 0.76 ± 0.07 0.89 ± 0.10 0.61 ± 0.09

The mice consumed either a normal diet (ND), a normal diet plus 4% (w/w) of Hanoch 
(NDh), or Hanoch-Oleic (NDo) peanuts for 18 weeks. A Tukey–Kramer HSD post hoc test 
was performed. The values presented are mean ± SE (n = 8). Different letters indicate 
statistical variance at a significance level of p < 0.05.
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players in lipogenesis (Figures  4C–E). Finally, PPARα and CPT-1 
mRNA levels were upregulated in the NDo compared to ND and NDh 
groups suggesting an elevated capacity to utilize lipids for energy 
within this tissue (Figures  4F,G). AMPK activation (measured by 
phospho-to-total AMPK ratio) and CD36 protein levels were 
unaffected by the addition of peanuts to the diet, nor by the peanut 
cultivar (data not shown).

The effect of peanuts addition to diet on 
adipose tissue inflammation

The addition of peanuts to a normal diet did not elicit any effect 
on adipose tissue inflammation, as revealed by the expression levels of 
pro-inflammatory genes in this tissue (Figures 4H,I).

The effect of peanuts addition to diet on 
intestinal microbiota composition

The Shannon test, a measure of the α-diversity of the intestinal 
bacterial population, was higher in NDh and NDo groups compared 
to the control group (ND; Figure  5; Supplementary Table  1). 
Alterations at all taxonomic levels are elaborated in Figure  5; 
Supplementary Table 1. At the phyla level, the relative abundance of 
Proteobacteria, and Firmicutes was higher whereas that of 
Bacteroidetes was lower in the peanuts-added groups. Thus, the F/B 
ratio was also elevated in those groups. Only the NDh group exhibited 
an augmentation in TM7 phyla levels. At the class level, in contrast to 
Bacteroidia, Clostridia relative levels were more abundant in both 
NDh and NDo compared to control group an. The relative prevalence 
of Mollicutes was augmented while that of Erysipelotrichi was 
diminished in the NDh group. At the order level, high-oleic peanuts 
addition led to an increase and decrease in the amounts of 
Bifidobacteriales and Anaeroplasmatales, respectively. Conversely, the 

order of Erysipelotrichales was decreased while RF39 increased in 
NDh, At the family level, enhanced Bifidobacteriaceae, 
Lachnospiraceae along with lower Anaeroplasmataceae levels were 
noted in the NDo group. Whereas Erysipelotrichaceae levels were 
decreased, those of Porphyromonadaceae, Rikenellaceae, and 
Mogibacteriaceae were elevated in the NDh group. At the genus level, 
the relative abundance of Bifidobacterium, Coprococcus, and 
Desulfovibrio was enhanced while that of Butyricimonas and 
Adlercreutzia was diminished in the NDo group. In the NDh group, 
levels of the Adlercreutzia and Allobaculum genera were reduced, 
though concomitant increased Parabacteroides level was also 
registered in this group. The LDA Effect Size (LEfSE) was performed 
to find bacterial members that drive differences between groups 
(Figure 6).

The utilization of LEfSe analysis, using a threshold score of >3, 
uncovered variations in the abundance of several taxa, which are 
largely aligned with the previously mentioned changes in the relative 
abundance. Among the differences explicitly revealed by the LEfSe 
analysis was the enrichment of the lactobacillus genus, which was 
associated with the consumption of high-oleic peanuts (Figure 6). 
PICRUSt 2 was further applied to obtain functional analyses of the 
microbiota. PICRUSt-predicted functional profiles, based on MetaCyc 
metabolic pathways database, identified 16 pathways in which notable 
changes were found between groups. These metabolic pathways are 
elaborated in Figure 6.

Discussion

The considerable impact of regular peanuts consumption on the 
physiological state of the individual is highlighted by data from 
epidemiologic and clinical studies. While much emphasis is placed on 
the phytochemical compounds found in peanuts, lipid composition is 
far from unnoticed, and variations in this component are thought to 
result in substantially different outcomes. The current, pioneer 
research describes the metabolic alterations brought on by a novel, 
high-oleic cultivar called “Hanoch-Oleic” under a normal, 
non-pathological setting. Findings revealed that consumption of the 
new, high-oleic peanuts cultivar had favorable metabolic effects on 
body weight and composition, insulin sensitivity, as well as significant 
positive microbial composition remodeling.

The high-oleic acid content in peanuts was associated with a 
slower rate of weight gain, most likely due to reduced food 
consumption. Several lines of evidence support the role of dietary 
oleic acid on food intake and feeding regulation in both, rodents and 
humans (24–26). Following absorption, dietary oleic acid can 
undergo diverse steps within duodenal and jejunal enterocytes to 
give rise to cellular oleoylethanolamide (OEA). This type of 
ethanolamide has been the subject of recent studies which 
demonstrated its anorexigenic properties, which are predominantly 
attributed to its ability to act as PPARα’s high-affinity agonist, 
among other proposed mechanisms (25, 26). Intestinal oleic acid 
may also be obtained through endogenous synthesis from stearic 
acid by the enzymatic activity of Stearoyl-CoA desaturase (also 
known as Δ-9-desaturase). Nonetheless, a high-oleic acid (low 
stearic acid) diet appears to be superior over high stearic acid (low 
oleic acid) diet in terms of increasing jejunal OEA levels along with 
greater satiation in mice. Thus, dietary oleic rather, than stearic acid, 

TABLE 5 The effect of diets on lipid profiles, free fatty acid blood levels, 
liver enzyme, insulin level, and HOMA-IR Index.

Parameters ND NDh NDo

Triglycerides (mg/dL) 101.67 ± 9.89 98.57 ± 5.18 78.6 ± 8.44

Total Cholesterol (mg/dL) 124.5 ± 5.94 132 ± 11.41 122 ± 6.04

HDL Cholesterol (mg/dL) 99.77 ± 3.97 104.91 ± 9.42 99.33 ± 4.09

Free fatty acids (nmol/μL) 0.29 ± 0.01 0.27 ± 0.01 0.27 ± 0.01

AST (IU/L) 52.6 ± 5.18 48.83 ± 2.52 48.17 ± 3.51

ALT (IU/L) 31.2 ± 7.56 24.5 ± 3.57 26 ± 3.81

ALP (IU/L) 69.67 ± 4.18 78.86 ± 6.53 78.33 ± 3.4

Insulin (mmol/L) 6.97 ± 0.65 8.85 ± 0.71 7.76 ± 0.61

HOMA-IR Index 0.51 ± 0.07b 0.97 ± 0.09a 0.62 ± 0.1b

The mice consumed either a normal diet (ND), a normal diet plus 4% (w/w) of Hanoch 
(NDh), or Hanoch-Oleic (NDo) peanuts for 18 weeks. At the end of the experiment, plasma 
triglycerides, cholesterol, high-density lipoprotein-cholesterol (HDL-cholesterol), alkaline 
phosphatase (AST), glutamic-pyruvic transaminase (ALT), glutamic oxaloacetic 
transaminase (ALP), free fatty acid levels and insulin levels were measured in the plasma 
(n = 8). HOMA-IR index was calculated by using the formula: [Fasting insulin concentration 
(microU/mL) * Glucose concentration (mg/dL)/405]. A Tukey–Kramer HSD post hoc 
statistical test was performed. The values presented are mean ± SE (n = 8). Different letters 
indicate statistical variance at a significant level of p < 0.05.
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is advantageous for reducing food intake (27). Furthermore, the 
higher linoleic-oleic ratio of the Hanoch cultivar did not produce an 
equivocal result as oleic acid. Though inconsistency exists, this 
finding is in agreement with previous studies showing greater 
appetite suppression with the addition of oleic acid compared to 
linoleic acid (24, 28–31). Consistently, the anorexigenic effects of 
linoleoylethanolamide were suggested to be  lesser than those 
mediated by OEA.

Results further indicate differences in fat distribution among 
peanuts-fed groups, with greater fat accumulation within peri-
gonadal visceral fat in the NDh group, compared with the NDh 
group. These findings dovetail with the discrepancy in visceral 
adipose expression pattern between those groups, with that of the 
NDo group implying decreased lipolysis and lipogenesis on one 
hand and enhanced fatty acid oxidation on the other. Changes in 
insulin sensitivity were also observed in the traditional peanuts-fed 
group when compared to the other groups, as evidenced by higher 
fasting and 120-min-post OGTT blood glucose levels, as well as 
HOMA-IR measurements in the NDh group. Still, the hepatic 
metabolic state, as indicated by triglyceride contents and the 
expression of essential genes involved in key metabolic pathways, 
was not profoundly altered by peanuts consumption nor cultivar 

type. Distinctively, the expression of gluconeogenic genes was 
downregulated in the NDh group, presumably due to selective 
insulin resistance, with the gluconeogenesis pathway being less 
affected. Likewise, inflammatory markers in liver tissue were 
unaffected by diets. Thus, although the liver was less affected by the 
diet regimens, findings do imply some influence with high-oleic 
peanuts consumption eliciting more favorable metabolic outcomes 
compared to the traditional cultivar. These results stand in line 
with previous works conducted in animal models which infer 
preferable metabolic effects for high-oleic peanuts/peanut oil 
consumption in general and in comparison to the conventional 
cultivar (14, 31–34).

Since clinical data are currently scarce, the metabolic effects of high-
oleic peanuts in humans are generally obscure and left to be disclosed. 
Body weight/composition changes are mixed, with some proposing that 
high-oleic peanuts promote advantageous, or less harmful, outcomes on 
these parameters. The influences of peanuts on diabetes and metabolic 
syndrome in humans have been assessed by two separate meta-analyses 
(35, 36). Overall, results refute the significant impact of peanuts intake 
on these pathologies. Yet, importantly, these meta-analyses were not 
designed to evaluate the effect of high-oleic peanuts in particular. An 
umbrella review reported recently the long-term benefits of nuts in 

FIGURE 2

The effect of diets on key players that participate in glucose or lipid metabolism in the liver. Mice consumed either a normal diet (ND), a ND diet plus 
4% (w/w) of Hanoch (NDh), or Hanoch-Oleic (NDo) peanuts for 18 weeks. The p-CREB/CREB protein ratio (A) was measured using Western blot 
where an unspecific band of total protein (Ponceau) was used as a control protein. PGC-1α (B), G6Pase (C), PEPCK (D) SREBP-1c (E), Fasn (F), PPARα 
(G), CPT-1 (H), PPARγ (I) gene expressions were measured at the transcription level (RT-PCR), and the results normalized to the 18S gene expression. 
CD36 protein levels (J) were measured using Western blots where an unspecific band of total protein (Ponceau) was used as a control protein. A 
Tukey’s Kramer post hoc test and Student’s T-test were performed. The values displayed are mean ± standard error. Columns marked with different 
letters indicate statistically significant variances at p < 0.05, *p < 0.05 vs. the NDo group.
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FIGURE 3

The effect of diets on key players that regulate glucose lipid metabolism in the liver. Mice consumed either a normal diet (ND), a ND diet plus 4% (w/w) 
of Hanoch (NDh), or Hanoch-Oleic (NDo) peanuts for 18 weeks. The p-AMPK/AMPK protein ratio (A), and p-ACC/ACC protein ratio (B) were measured 
using Western blots where an unspecific band of total protein (Ponceau) was used as a control protein. A Tukey’s Kramer post hoc test and Student’s 
T-test were performed. The values displayed are mean ± standard error. Columns marked with different letters indicate statistically significant 
variances at p < 0.05, *p < 0.05 vs. the ND group.

FIGURE 4

The effect of diets on key players that participate in lipid metabolism and inflammation in adipose tissue. Mice consumed either a normal diet (ND), a 
ND diet plus 4% (w/w) of Hanoch (NDh), or Hanoch-Oleic (NDo) peanuts for 18 weeks. The ATGL (A), HSL (B), PPARγ (C), SREBP-1c (D), Fasn (E), 
PPARα (F), CPT-1 (G), Il-6 (H), and TNFα (I) genes expressions were measured at the transcription level (RT-PCR), and the results normalized to the 18S 
gene expression. The values displayed are mean ± standard error. Columns marked with different letters indicate statistically significant variances at p 
< 0.05.
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general, and peanuts in specific, on the cardiovascular system. Although 
the underlying mechanism/s remain debatable, results indicate an 
enhanced beneficial effect on HDL levels by the high-oleic peanuts (1, 
37). The present study, along with previously published investigations, 
encourages the conduction of clinical trials utilizing high-oleic peanuts 
to clarify and comprehend their specific significance.

After extended feeding on peanuts, discernible modifications in 
the composition of the gut microbiota were observed. Regardless of 
cultivar., peanut-fed animals were characterized by a greater F/B 
ratio, which was driven by concurrent increases and decreases in 
Firmicutes and Bacteroidetes abundance, respectively. Increased F/B 
ratio has long been employed as a characteristic of the dysbiosis 
associated with obesity and T2D, with the surmise that the former is 
a consequence of higher caloric availability that may accompany this 
altered proportion (38). Despite the popularity of this measure, 
evidence from human and animal models has cast doubt on its usage 
and forenamed interpretation (14, 39, 40). As a result, the 
consequences of the higher F/B ratio in the peanut-fed groups cannot 
be drawn at this time.

Unique adjustments were discovered in each group. In the NDh 
group, a considerable decrease in the Firmicutes class of 
Erysipelotrichi (and its consistent order and family of 
Erysipelotrichales and Erysipelotrichaceae, respectively) was noticed. 
Several liver-related metabolic perturbations have been suggested to 
emanate from the expansion of Erysipelotrichales. An overgrowth of 
Erysipelotrichales has been implicated in the pathophysiology/
etiology of NASH in a mice model. It has also been posited that 
Erysipelotrichales increased levels may insinuate the futuristic 
development of cirrhosis on the background of NAFLD as well as 
liver steatosis under a choline-deficient diet in human subjects 
(Erysipelotrichi). Reducing Erysipelotrichaceae, however, resulted in 
the alleviation of parenteral-induced liver injury (41). Noteworthy, 
the differences presented here are accredited to disparities in the 

Allobaculum genus. Even though the Allobaculum genus was linked 
to desirable results, causality has not yet been established. Moreover, 
rebuts findings, of detrimental consequences, are claimed (42–46) 
and are corroborated by the detection of lower Allobaculum levels 
following bean consumption (47). Consequently, the importance of 
aberrant Allobaculum genus levels observed in this work after the 
consumption of traditional peanuts is currently unknown and needs 
to be ascertained.

The relative abundance of the class of Mollicutes was additionally 
increased in the NDh group and is attributed to the flourishment of 
the RF39 order, while levels of Anaeroplasmatales remained 
unaltered. Formerly, the Mollicutes class was associated with the 
establishment of obesity (48–50). At the same time, the RF39 family 
is potentially an acetate producer (47), which has been postulated to 
intensify the expression of hepatic genes that participate in fatty acid 
oxidation and hence negatively affects adiposity (51). In line with 
this, increased expansion of the acetate and propionate producers, 
Porphyromonadaceae (Parabacteroides genus) and Rikenellaceae 
families (52, 53), was registered in the NDh group, with the 
abundance of the former substantially outnumbering that of the 
high-oleic-fed group. In both humans and mice, these families were 
shown to be adversely linked with visceral fat mass and/or BMI (47, 
53–60). Recently, the connection between Parabacteroides spp. and 
multiple pathologies was reviewed, with decreased levels being 
described in obesity, NAFLD, inflammatory bowel disease, and 
metabolic syndrome, among others. Given the positive effects 
ascribed to the Parabacteroides spp., these modifications may, 
speculatively, have a role in the pathophysiology of various diseases/
conditions (61). Nevertheless, intervention studies are required for 
a conclusion to be  made. In the current work, the NDo group 
exhibited no variation in Porphyromonadaceae enrichment, 
deducing that changes in the NDh group are due to lipid 
composition, i.e., higher n-6 linoleic acid contents. However, the 

FIGURE 5

Shannon index (A), F/B ratio  (C), and the relative abundance (%) of dominant phyla (B), class (D), order (E), family (F), and genus (G) in mice consumed 
either a normal diet (ND), a ND diet plus 4% (w/w) of Hanoch (NDh), or Hanoch-Oleic (NDo) peanuts for 18 weeks (n = 5). The values displayed are 
mean ± SE. *p < 0.05 vs. ND group. $p < 0.05 vs. the NDo group.
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profound ~3-fols increment of Porphyromonadaceae in the current 
study contradicts an earlier study that indicated a significant 
decrease in the presence of this family in mice whose food was 
supplemented with n − 6 (soy oil) (62). While the reason for this 
discrepancy, is unknown, it is possible that the inclusion of oleic 
along with linoleic acid may execute disparate outcomes of 
enhancement rather than inhibition in the thrive of 
Porphyromonadaceae. In summary, despite the less health-
conductive metabolic effects described earlier for the NDh group, 
compositional alterations implemented by this traditional peanuts 
cultivar reflect the accommodation of favorable microbiota.

Alterations of gut microbiota composition following habitual 
consumption of high-oleic peanuts encompass a marked rise in the 
relative enrichment of the commensal genus Bifidobacterium. 
Compelling scientific evidence supports the health-promoting 
properties of Bifidobacterium, which is why it constitutes a frequently 
utilized probiotic (63, 64). Prebiotics are a dominant factor 
acknowledged to facilitate the bloom of bifidobacterial (64). 
Nevertheless, the lack of effect in the NDh group, stipulates lipid 
composition per-se imbued the perceived outcome. Results obtained 
by Zhao et  al. advocate the capacity of high oleic-peanuts lipid 
composition to exert proliferative effects on Bifidobacterium. Indeed, 
in their work, high-oleic peanut oil successfully boosted the richness 

of this genus after 12 weeks of consumption (34). This raises the 
conjecture that adjustments of other taxa may facilitate the abundance 
of Bifidobacterium, secondary to the intricate interplay between 
them. Further research is warranted to determine the underlying 
mechanism/s. In the NDo group, the LDA score also identified 
differences in the abundance of Lactobacillus, another common 
probiotic bacteria with profound positive health-promoting effects 
on the host (65–67). This stands in line with previous findings 
indicating that oleic-acid promotes the survival of beneficial 
lactobacilli probiotics (68, 69).

There was also a noticeable decline in the lineage of the order 
Anaeroplasmatales. The level of the Mollicutes class, on the other 
hand, did not alter, perhaps due to the propensity of the RF39 levels 
to rise. Several data link depression and other disorders with the 
Anaeroplasmatales-Anaeroplasma line (70, 71). While scarce 
evidence exists to date, the connection between regular peanuts 
intake and mental well-being has been posited. In a 6 month trial 
conducted in young adults, 25 g of peanuts and 32 g of peanut butter 
were associated with improved anxiety and memory functioning, 
respectively. Additionally, peanut polyphenols were shown to 
be  favorably connected with memory function while having an 
inverse relationship with stress response, which included depression. 
The anti-depressive impact of peanut-derived feces short-chain fatty 

FIGURE 6

LEfSe analysis with LDA score > 3.0 (A) and functional profile predicted by PICRUSt (B) in mice consumed either a normal diet (ND), a ND diet plus 4% 
(w/w) of Hanoch (NDh), or Hanoch-Oleic (NDo) peanuts for 18 weeks.
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acids (SCFAs) was also hypothesized (72). It would be intriguing to 
compare the effect of high-oleic peanuts on metal functions to that 
of traditional peanuts.

Another modification emphasizing the potentially elevated 
impact of high-oleic peanuts on depression is the observed rise in the 
prosperity of the Coprococcus genus. Of the Lachnospiraceae family, 
a noteworthy enrichment of the Coprococcus genus was found in the 
NDo group, and may partly explain the increased abundance of this 
family. Coprococcus species are acknowledged as SCFAs producers 
bacteria which are considered to evoke health-promoting outcomes 
on metabolic as well as mental systems (73–82) Accordingly, the 
advantages of eating this form of peanuts are strengthened by the 
potential of high-oleic peanuts to encourage the growth of the 
Coprococcus genus. Interestingly, a favorable relationship between 
Bifidobacterium and the Coprococcus bloom was discovered herein. 
This is in agreement with an earlier work where an expansion of 
Coprococcus genus was discovered following the intake of 
Bifidobacterium Infantis as a probiotic. In fact, in that study, 
Coprococcus genus upregulation was suggested to contribute to the 
food-allergies protection elicited by probiotics (83). Among food 
allergens, peanuts are considered to generate the most severe allergy. 
Of the scanty comparative studies conducted so far, high-oleic 
peanuts arguably execute less allergic response, conjecturally in light 
of their lower linoleic acid or allergenic protein contents (33). It is 
very tempting to suggest differential gut microbiota composition 
driven by the supplementation of high-oleic peanuts to the diet may 
aid in the long run to less food allergy, and as such add another 
interesting link between these peanuts and food allergy.

Finally, the high-oleic peanuts-fed group had higher Desulfovibrio 
genus richness. Desulfovibrio are sulfate-reducing bacteria which give rise 
to H2S levels. Currently, the association and the direct implication of 
Desulfovibrio in diverse pathologies are inconsistent, with both favorable 
and detrimental effects have been delineated (84–88). Nonetheless, H2S 
has recently gained much attention as a “gasotransmitters” with 
indispensable physiological functions, particularly in relation to the liver 
under positive energy balance (89). More research is needed to 
comprehensively define the role of Desulfovibrio genus.

Conclusion

The current study investigated the outcomes of habitual 
consumption of peanuts, both traditional and a novel high-oleic 
cultivar., on key metabolic crossroads and the implication of these diet 
regimens on gut microbial populations. Findings demonstrated that the 
inclusion of high-oleic peanuts to a balanced diet, rather than regular 
peanuts, yields better metabolic outcomes. Essentially, frequent high-
oleic peanuts consumption was found to harness the establishment of a 
healthy microbiota, with great emphasis on Bifidobacterium, 
Lactobacillus, and Coprococcus genera. These interoceptive 
modifications essentially symbolize the beneficial influencing outcomes 
of high-oleic peanuts habitual intake and underscore the leverage of 
these peanuts over the traditional cultivar. More research is required to 
elucidate the metabolic and microbiota composition effects evoked by 
peanuts consumption in general, and by each cultivar in particular, and 
to comprehensively describe the differences in the impact on these 
parameters between regular and high-oleic cultivars as well as between 
processing methods.
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