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Abstract. Dietary phytic acid (PA) was recently reported by 
our group to suppress hepatic lipogenic gene expression and 
modulate gut microbiota in rats fed a high‑sucrose (HSC) 
diet. The present study aimed to investigate whether the 
modulatory effects of PA depend on the dietary carbohydrate 
source and are attributed to the myo‑inositol (MI) ring of PA. 
Male Sprague‑Dawley rats were fed an HSC or a high‑starch 
(HSR) diet with or without 1.02% sodium PA for 12 days. 
Subsequently, the rats were fed the HSC diet, the HSC diet 
containing 1.02%  sodium PA or an HSC diet containing 
0.2% MI for 12 days. The HSC diet significantly increased the 
hepatic triglyceride (TG) concentration as well as the activity 
and expression of hepatic lipogenic enzymes compared with 
the HSR diet. The increases were generally suppressed by 
dietary PA with a concomitant increase in the fecal and cecal 
ratios of Lactobacillus spp. In rats fed the HSR diet, PA intake 
did not substantially affect the factors associated with hepatic 
lipid metabolism or gut microbiota composition. The effects of 
MI intake were similar to that of PA intake on hepatic lipogen-
esis and gut microbiota in rats fed the HSC diet. These results 
suggest that dietary PA downregulates hepatic lipogenic gene 
expression and modulates gut microbiota composition in rats 
fed an HSC diet but not in rats fed an HSR diet. The MI ring of 
PA may be responsible for the effects of PA intake on hepatic 
lipogenic gene expression and gut microbiota.

Introduction

Phytic acid (PA) is a natural plant inositol hexaphosphate 
comprising up to 10‑30 g/kg dry matter in nuts, cereals, edible 
legumes and oil seeds (1,2). The nutritional importance of PA 
in limiting the availability of essential dietary minerals has 
been emphasized (1,2). Most of the reported actions of PA, 
including its effect on mineral absorption, have been linked 
to the chemical properties of the phosphate groups of its 
myo‑inositol (MI) ring (1,2). A recent study focused on the 
similarities between PA and MI in nutritional or physiological 
functions (3). The results suggested that PA and MI increase 
insulin sensitivity in adipocytes by increasing lipid storage 
capacity, improving glucose uptake and inhibiting lipolysis (3). 
Additionally, experiments on their anticancer effects by 
Vucenik and Shamsuddin (4) demonstrated that PA and MI 
prevented various types of cancer. To date, it has been demon-
strated that equimolar concentrations of dietary PA and MI 
prevent sucrose‑ or xenobiotic‑induced fatty liver by reducing 
hepatic lipogenic enzyme activity in rats (5‑7). In addition, a 
practical level of dietary PA (approximately 0.035%) has been 
reported to prevent fatty liver caused by a high‑sucrose (HSC) 
diet in rats (8). However, in rats fed a high‑starch (HSR) diet, 
dietary PA and MI did not affect hepatic triglyceride (TG) 
concentration or hepatic lipogenic enzyme activity (5‑7).

It has been reported that digestion of PA in monogastric 
animals may be relatively inefficient and, like dietary fibers 
or oligosaccharides, undigested PA or partially digested 
inositol phosphates may reach the colon  (9,10). Vucenik 
and Shamsuddin (4) demonstrated that PA intake is effective in 
preventing colon carcinogenesis in rats and mice. Furthermore, 
dietary PA may modulate the composition of cecal organic 
acids, mucins and microbiota in rats fed a high‑fat diet (11).

Studies have suggested that gut microbiota serve a role in 
the etiology of nonalcoholic fatty liver disease (12,13). The 
preventive effect of PA on fatty liver caused by an HSC diet 
may be associated with the modulation of gut microbiota. In 
relation to this, a recent study by our group demonstrated that 
the preventive effect of dietary PA on fatty liver caused by an 
HSC diet was mediated by downregulation of the gene expres-
sion of hepatic lipogenic enzymes. In addition, PA intake was 
indicated to increase the fecal ratio of Lactobacillus spp. and 
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depress the ratio of Clostridium coccoides (C. coccoides) in 
rats fed the HSC diet (14). However, the effect of PA intake on 
hepatic lipogenic gene expression and gut microbiota in rats 
fed an HSR diet remains unknown.

The present study aimed to evaluate whether the modula-
tory effects of PA intake on the gene expression of hepatic 
lipogenic enzymes and modulation of gut microbiota in rats 
fed an HSC diet depend on the dietary carbohydrate source 
and are attributed to the MI ring of PA. Cecal organic acids 
(OAs), which are products of bacterial fermentation, affect 
the levels of hepatic lipogenesis and cholesterogenesis (15,16). 
Therefore, the effect of the dietary treatment on the cecal OA 
profile was also investigated.

Materials and methods

Animals and diets. A total of 42 male Sprague‑Dawley rats 
(3‑weeks‑old, 54‑67 g) were purchased from Japan SLC, Inc. 
(Hamamatsu, Japan). The animals were maintained according 
to the ‘Guide for the Care and Use of Laboratory Animals’ 
established by Fuji Women's University (Ishikari, Japan), and 
the study was approved by the university's ethics committee. 
The rats were individually housed in a room with a controlled 
temperature (22‑24˚C), relative humidity (55‑65%) and under 
a 12‑h light/dark cycle (light from 08:00 a.m. to 08:00 p.m.). 
Following ad libitum access to a non‑purified commercial 
rodent powder diet (CE‑2; CLEA Japan, Inc., Tokyo, Japan) 
for 3 days, the rats (78‑90 g) were assigned to weight‑matched 
groups (n=6 rats per group) and given ad libitum access to 
experimental diets and deionized water. Food intake and 
body weight were measured daily at 08:00 a.m. In experi-
ment 1, the rats from four groups were fed an HSR or HSC 
diet with or without 1.02% dodecasodium phytate (sodium 
PA; Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) for 
12 days. In experiment 2, the rats from three groups were fed 
the HSC diet or HSC diets with 1.02% sodium PA or 0.2% MI 
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 
12 days. Table I lists the compositions of the experimental 
diets  (17). The molar concentration of the added MI was 
equivalent to that of the added PA. Feces were collected over 
the last 3 days of the experiments, stored at ‑20˚C, and subse-
quently freeze‑dried and milled. At the end of the feeding 
period, the rats were anesthetized with 3.0% isoflurane (Wako 
Pure Chemical Industries, Ltd.) and sacrificed to collect whole 
blood from the abdominal aorta. The serum was obtained by 
centrifugation at 2,000 x g for 20 min at 4˚C and then stored 
at ‑80˚C. The liver and cecum were removed and weighed. 
A part of the liver was suspended in RNAlater stabilization 
reagent (Ambion; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) and stored at  ‑80˚C until RNA extraction. The 
remaining portions of liver and cecum were immediately 
frozen using liquid nitrogen and stored at ‑80˚C until subse-
quent analyses.

Liver lipid and enzyme assays. Liver lipids were extracted 
using chloroform‑methanol (2:1) solution as previously 
described  (5‑7). The solvent was removed by evaporation, 
and the total lipid (TL) was measured gravimetrically (5‑7). 
The TG and cholesterol (CH) concentrations were measured 
using enzymatic kits (total cholesterol C‑Test Wako, cat. 

no. 439‑17501 and triglyceride G‑Test Wako, cat. no. 432‑40201; 
Wako Pure Chemical Industries, Ltd.). The frozen liver was 
homogenized in nine volumes of 0.14 M KCl and centrifuged 
at 20,000 x g for 30 min at 4˚C. The supernatant was used as 
the enzyme source. The activities of liver glucose‑6‑phosphate 
dehydrogenase (G6PD) and malic enzyme (ME) were deter-
mined spectrophotometrically by monitoring the formation of 
NADPH at 340 nm, as previously described (5‑7). The reaction 
mixtures were as follows: 0.017 M glycylglycine, 3.5x10‑3 M 
MgSO4, 0.33x10‑3 M NADP, 0.67x10‑3 M glucose 6‑phosphate 
for G6PD activity; and 0.017  M glycylglycine, 7x10‑3  M 
MgSO4, 0.7x10‑3 M MnSO4, 0.33x10‑3 M NADP, 0.33x10‑3 M 
malate for ME activity. All reagents were obtained from Wako 
Pure Chemical Industries, Ltd.

It has been recently demonstrated that dietary MI 
increases the plasma level of adiponectin in C57BL/6 mice 
fed a high‑fat diet (18). Thus, the level of serum adiponectin 
was measured by using an enzyme‑linked immunosorbent 
assay (cat. no. TI 25462309; Otsuka Pharmaceutical Co., Ltd., 
Tokushima, Japan) in experiment 2.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). mRNA expression levels were determined by 
RT‑qPCR (14,19). Total RNA was isolated using a NucleoSpin 
RNA kit (Takara Bio, Inc., Otsu, Japan) according to the 
manufacturer's instructions. Purified total RNA (400 ng) was 
converted to cDNA using a PrimeScript RT Master Mix 
(Takara Bio, Inc.). Real‑time PCR was performed using SYBR 
Premix Ex Taq II (Takara Bio, Inc.), and samples were ampli-
fied in a LightCycler 480  Instrument (Roche Diagnostics 
GmbH, Mannheim, Germany) under the following cycle 
conditions: 95˚C for 30 sec followed by 40 cycles of 95˚C for 
5 sec and 60˚C for 30 sec. The primer sets for G6PD forward, 
GATGACATCCGCAAACAGAGTGA and reverse, GCTACA 
TAGGAGTTACGGGCAAAGA; ME1 forward, CAGGCCTC 
CGTTAGCTTTGTTC and reverse, GCACAAGGACTGTAA 
ACAGCAGTGA; and fatty acid synthetase (FAS) forward, 
GCTGCTACAAACAGGACCATCAC and reverse, TCTT 
GCTGGCCTCCACTGAC were purchased from Takara Bio, 
Inc. (14,19). Melting curve analysis was performed following 
amplification to distinguish the targeted PCR product from the 
non‑targeted PCR product using the LightCycler 480 Basic 

Table I. Composition of basal diets. 

Component, % (w/w) 	 High-starch	 High-sucrose

α-corn starch	 64.95	 -
Sucrose	 -	 64.95
Casein	 20.00	 20.00
Corn oil	   5.00	   5.00
Cellulose	   5.00	   5.00
Vitamin mixturea	   1.00	   1.00
Mineral mixtureb	   3.50	   3.50
L-cystine	   0.30	   0.30
Choline bitartrate	   0.25	   0.25

aAIN-93 vitamin mixture; bAIN-93 mineral mixture (17). 
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Software v1.5. Relative expression levels were calculated for 
each sample following normalization to those of the reference 
gene GAPDH (forward, GGCACAGTCAAGGCTGAGAATG 
and reverse, ATGGTGGTGAAGACGCCAGTA), which was 
used as the endogenous control gene (19).

Microbiota analysis using qPCR. Fecal and cecal microbiota 
were analyzed as previously described (20). Briefly, bacterial 
genomic DNA was isolated from the freeze‑dried and milled 
feces or the frozen cecal content using an UltraClean Fecal 
DNA extraction kit (MO BIO Laboratories; Qiagen, Inc., 
Valencia, CA, USA) according to the manufacturer's instruc-
tions. DNA was quantified using a Qubit dsDNA BR Assay kit 
(Thermo Fisher Scientific, Inc.). Bacterial groups were quanti-
fied by qPCR using the LightCycler 480 Instrument (Roche 
Diagnostics GmbH) and the group‑specific primers, which 
have been provided previously (20). Following initial denatur-
ation at 95˚C for 30 sec, 40 PCR cycles were performed with 
denaturation at 95˚C for 5 sec, annealing at 55˚C [total bacteria, 
Lactobacillus spp., Bifidobacterium  spp., C.  coccoides, 
C.  Clostridium leptum (C. leptum) and Bacteroides] for 
30  sec, and extension at  72˚C for 15  sec (total bacteria, 
Lactobacillus spp., Bifidobacterium spp. and Bacteroides) or 
1 min (C. coccoides and C. leptum). Melting curve analysis was 
performed following amplification to distinguish the targeted 
PCR product from the non‑targeted PCR product. Data were 
analyzed using the second derivative maximum method of 
the LightCycler 480 Basic Software v1.5. The amplification 
efficiencies (e) of real‑time PCR for each primer set were esti-
mated using a linear regression of the crossing point for each 
fecal DNA dilution versus the log dilution using the formula: 
e = x ‑ 1/slope, where ‘x’ was fold dilution. Efficiencies were 
between 1.94 and 1.99 (optimum value of 2.0). The relative 

abundance of microbial populations was expressed as the 
proportion of total bacterial 16S rRNA genes.

Cecal pH and OAs. The pH of cecal digesta was measured 
directly using a compact pH meter (B‑212; Horiba, Ltd., Kyoto, 
Japan). The empty cecum was weighed and the weight of cecal 
digesta was calculated as the difference between the weight of 
the cecum and the weight of the empty cecum. Cecal OAs were 
measured by the internal standard method using high‑perfor-
mance liquid chromatography (HPLC; L‑2130; Hitachi, Ltd., 
Tokyo, Japan) equipped with an Aminex HPX‑87H ion exclu-
sion column (7.8 mm i.d. x 30 cm; Bio‑Rad Laboratories, Inc., 
Hercules CA, USA) as previously described (20,21). Briefly, 
500 mg cecal digesta was homogenized in 5 ml of 50 mmol/l 
H2SO4 containing 10 mmol/l 2,2‑dimethyl butyric acid as an 
internal standard and subsequently centrifuged at 17,000 x g 
at 2˚C for 20 min. The supernatant was ultrafiltered, and 
the filtrate was examined by HPLC (column at 60˚C). The 
mobile phase (5 mM H2SO4) was delivered at a flow rate of 
0.7 ml/min. Cecal OAs were detected at 210 nm using a vari-
able wavelength detector (L‑2400; Hitachi, Ltd.).

Statistical analysis. All values were expressed as 
means ± standard error of the mean. Normally distributed data 
were analyzed using two‑way analysis of variance (ANOVA), 
whereas non‑normally distributed data were analyzed using 
the non‑parametric Kruskal‑Wallis one‑way ANOVA. The 
Tukey‑Kramer post hoc test was performed when a significant 
effect was detected by two‑way ANOVA. The Steel‑Dwass 
post hoc test was conducted when a significant effect was 
detected by the Kruskal‑Wallis one‑way ANOVA. Associations 
between liver TGs and other parameters (liver lipogenic 
enzyme activity and gene expression, serum adiponectin, 

Table II. Body weight, food intake and lipid metabolic parameters in rats fed an HSR or HSC diet with or without PA (experi-
ment 1).

	  HSR	 HSR + PA 	 HSC	 HSC + PA
	 ----------------------------------	 ---------------------------------	 ----------------------------------	 ----------------------------------
Variables	 Mean	 SEM	 Mean	 SEM	 Mean	 SEM	 Mean	 SEM

Final body weight, g	 171	 4	 176	 4	 178	 1	 183	 2
Food intake, g/12 day	 174a	 4	 177a,b	 4	 188b,c	 2	 193b	 3
Liver								      
  Weight, g/100 g body wt. 	 4.64a	 0.10	 4.71a	 0.12	 5.84b	 0.13	 5.70b	 0.06
  Total lipids, mg/g liver	 64.2a	 3.6	 57.8a	 1.2	 106.2b	 6.2	 62.5a	 1.4
  Triglyceride, mg/g liver	 17.5b	 1.9	 12.0a	 0.3	 51.6c	 5.6	 23.2b	 1.6
  Cholesterol, mg/g liver	 3.22	 0.29	 3.13	 0.15	 3.56	 0.15	 3.04	 0.13
  G6PD activity, mU/mg protein	 34.1a	 5.4	 36.7a	 1.7	 69.1b	 7.8	 53.1a,b	 6.6
  ME activity, mU/mg protein	 28.9a	 2.9	 32.1a	 2.8	 50.6b	 5.6	 35.7a,b	 3.5
  G6PD expression	 1.00a	 0.12	 0.89a	 0.10	 1.71b	 0.09	 1.12a	 0.09
  ME1 expression	 1.00a,b	 0.06	 0.72a	 0.05	 2.08c	 0.07	 1.09b	 0.06
  FAS expression	 1.00a	 0.11	 0.88a	 0.16	 2.79b	 0.78	 2.21a,b	 0.06

Mean values with their SEM; n=6. a-cMean values with unlike superscript letters were significantly different, P<0.05 (Tukey post hoc test for 
body weight, food intake, liver weight, hepatic cholesterol, hepatic ME activity, hepatic gene expression of lipogenic enzymes; Steel-Dwass 
test for liver total lipids, hepatic triglyceride and hepatic G6PD activity). HSR, high-starch; HSC, high-sucrose; PA, sodium phytate; G6PD, 
glucose-6-phosphate dehydrogenase; ME, malic enzyme; FAS, fatty acid synthetase; SEM, standard error of the mean. 
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fecal and cecal microbiota and cecal OAs) were analyzed 
using the Spearman rank correlation analysis. Data analysis 
was performed using Excel Statistics 2012 for Windows (SSRI 
Co., Ltd., Tokyo, Japan). P<0.05 was considered to indicate 
statistical significance.

Results

Dietary PA alleviates HSC diet‑induced fatty liver pathology. 
In experiment  1, body weight gain was not affected by 
supplementation of the dietary carbohydrate source with PA 
(Table II). Compared with the HSR diet, the HSC diet margin-
ally increased food intake (P<0.05), whereas PA intake had 
no effect on food intake (Table II). The HSC diet induced 
significant increases in the liver weight, hepatic TL and TG 
concentrations, hepatic activities of G6PD and ME, and 
hepatic expression of G6PD, ME and FAS (P<0.05; Table II). 
The supplementation of PA in the diet effectively prevented 
the increases in hepatic TL and TG concentrations and signifi-
cantly decreased the hepatic expression of G6PD and ME1 in 
rats fed the HSC diet (P<0.05). Similarly, PA intake decreased 

the hepatic activities of G6PD and ME, and the hepatic expres-
sion of FAS in rats fed the HSC diet, though these changes were 
determined as non‑significant. In rats fed the HSR diet, PA 
intake did not alter these lipid metabolic parameters except for 
marginally decreasing the hepatic TG concentration (P<0.05).

PA intake, carbohydrate source, gut microbiota and cecal 
OAs. Dietary PA significantly increased fecal weight in rats 
fed the HSC diet (P<0.05; Table III). The supplementation 
of PA in the HSC diet significantly increased the fecal ratio 
of Lactobacillus spp. and reduced the ratio of C. coccoides 
(P<0.05; Table III). In rats fed the HSR diet, dietary PA did not 
have a significant effect on the fecal ratios of Lactobacillus spp. 
and C. coccoides. The fecal ratio of Bacteroides was higher 
in rats fed the HSC diet with PA compared with that in rats 
fed the HSR diet with PA (P<0.05). PA intake did not have a 
significant effect on the fecal ratios of Bifidobacterium spp. 
regardless of the dietary carbohydrate source (Table III).

The weight of cecal tissue was lower in rats fed the HSC diet 
compared with that in rats fed the HSR diet, and the weight of 
cecal digesta was significantly enhanced by PA intake in rats 

Table III. Fecal and cecal microbiota and cecal organic acids in rats fed an HSR or HSC diet with or without PA (experiment 1). 

	 HSR	 HSR + PA	 HSC	 HSC + PA
	 --------------------------------------	 --------------------------------------	 ------------------------------------	 ------------------------------------
Variables	 Mean	 SEM	 Mean	 SEM	  Mean	 SEM	 Mean	 SEM

Feces
  Weight, g/3 days	 3.89a,b	 0.14	 3.96a,b	 0.13	 3.54a	 0.07	 4.11b	 0.14
  Microbiota,% of total bacteria
    Lactobacillus spp.	 4.76a,b	 1.81	 7.20b	 2.11	 0.15a	 0.03	 9.29b	 3.01
    Bifidobacterium spp.	 0.077	 0.044	 0.153	 0.090	 0.013	 0.009	 0.006	 0.001
    Clostridium coccoides	 7.32a	 1.39	 3.56b	 0.61	 7.17b	 1.26	 0.02a	 0.01
    Bacteroides	 15.9a,b	 2.1	 14.7a	 2.9	 17.1a,b	 2.0	 27.4b	 4.3
Cecum	
  Tissue weight, g/100 g body wt.	 0.380b	 0.029	 0.335a,b	 0.011	 0.264a	 0.017	 0.322a,b	 0.022
  Cecal digesta 
    Weight, g	 2.47a	 0.12	 3.22b	 0.19	 1.93a	 0.12	 2.25a	 0.11
    pH	 6.90b	 0.18	 6.22a	 0.05	 7.62c	 0.15	 6.92b	 0.09
  Microbiota, % of total bacteria
    Lactobacillus spp.	 1.66a,b	 0.79	 1.88b	 0.71	 0.04a	 0.01	 0.50b	 0.06
    Bifidobacterium spp.	 0.0077a,b	 0.0043	 0.0277a,b	 0.0083	 0.0024a	 0.0003	 0.0060b	 0.0015
    Clostridium coccoides	 8.34b	 1.69	 2.36a,b	 0.78	 5.39b	 0.79	 0.48a	 0.36
    Bacteroides	 30.2	 1.8	 45.7	 8.8	 30.3	 2.0	 53.4	 13.9
Organic acids (µmol/total digesta)
  Succinate	 2.1a	 0.8	 129.3b	 12.3	 0.9a	 1.3	 59.2b	 18.3
  Lactate	 2.5	 1.2	 7.7	 2.7	 1.3	 0.4	 2.0	 0.6
  Acetate	 93.4a,b	 12.4	 129.9b	 17.7	 69.2a	 3.5	 67.4a,b	 6.6
  Propionate	 34.6b	 3.5	 39.4a,b	 8.5	 23.6a,b	 1.5	 18.0a	 1.7
  n-Butyrate	 34.5	 7.2	 34.7	 3.5	 25.9	 1.2	 45.2	 25.8
  Total organic acids	 165.3a,b	 24.2	 341.2c	 23.3	 121.2a	 4.9	 190.7b	 25.3

Mean values with their SEM; n=6. a-cMean values with unlike superscript letters were significantly different, P<0.05 (Tukey post hoc test for 
fecal weight, fecal Bacteroides, cecum weight, cecal digesta weight, cecal pH; Steel-Dwass test for fecal Lactobacillus spp., fecal Clostridium 
coccoides, fecal Bifidobacterium spp., cecal microbiota and cecal organic acids). HSR, high-starch; HSC, high-sucrose; PA, sodium phytate; 
SEM, standard error of the mean.
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fed the HSR diet (P<0.05; Table III). The cecal pH was higher 
in rats fed the HSC diet compared with that in rats fed the HSR 
diet. PA intake significantly lowered the cecal pH regardless 
of the dietary carbohydrate source (P< 0.05; Table III). In rats 
fed the HSC diet, dietary PA significantly increased not only 
the fecal ratio but also the cecal ratio of Lactobacillus spp. and 
significantly decreased the cecal ratio of C. coccoides (P<0.05; 
Table III). In addition, in rats fed the HSC diet, dietary PA 
significantly increased the cecal ratio of Bifidobacterium spp. 
(P<0.05). In rats fed the HSR diet, dietary PA had no signifi-
cant effect on the cecal microbiota composition (Table III).

In rats fed the HSR diet or the HSC diet, the cecal succinate 
level was markedly enhanced by PA intake (P<0.05; Table III). 
The cecal acetate level was significantly higher in rats fed the 
HSR diet with PA compared with that in rats fed the HSC 
diet without PA. Furthermore, the cecal propionate level 
was significantly higher in rats fed the HSR diet without PA 
compared with that in rats fed the HSC diet with PA (P<0.05; 
Table III).

Similar effects of PA and MI intake on HSC‑induced fatty 
liver pathology. In rats fed the HSC diet (experiment 2), dietary 

PA and MI did not affect body weight gain or food intake 
(Table  IV). Liver weight was significantly reduced by MI 
intake (P<0.05), and moderately by PA intake (Table IV), and 
PA or MI intake decreased the liver TL and TG concentrations 
(P<0.05; Fig. 1A). The activity of hepatic ME was significantly 
decreased by dietary PA intake (P<0.05), and moderately by 
MI intake (Fig. 1B). Although the activity and expression of 
hepatic G6PD were not significantly affected by dietary PA or 
MI, the expression of hepatic ME1 and FAS in rats fed the HSC 
diet with PA or MI was decreased (P<0.05; Fig. 1B and C). The 
serum adiponectin level was significantly increased by dietary 
MI (P<0.05), whereas it was moderately increased by PA in rats 
fed the HSC diet (Fig. 2).

Comparative effect of PA and MI on gut microbiota and cecal 
OA. In experiment 2, the fecal and cecal weights were not 
significantly affected by dietary PA or MI (Table IV). In accor-
dance with experiment 1, PA intake significantly increased 
the weight and lowered the pH of the cecal digesta (P<0.05). 
Similarly, MI intake moderately increased the digesta weight 
and significantly decreased the digesta pH (Table IV). The 
supplementation of PA in the HSC diet significantly increased 

Table IV. Fecal and cecal microbiota and cecal organic acids in rats fed an HSC diet with or without MI or PA (experiment 2). 

	 HSC	 HSC + PA	 HSC + MI
	 -------------------------------------------	 --------------------------------------------	 ----------------------------------------------
Variables	 Mean	 SEM	 Mean	 SEM	 Mean	 SEM

Final body weight, g	 175	 4	 179	 1	 178	 4
Food intake, g/12 days	 183	 4	 183	 2	 185	 5
Liver	
  Weight, g/100g body wt.	 5.83a	 0.08	 5.52a,b	 0.08	 5.31b	 0.12
Feces	
  Weight, g/3 days	 3.51	 0.08	 3.89	 0.18	 3.60	 0.19
Cecum	
  Tissue weight, g/100 g body wt.	 0.245	 0.005	 0.291	 0.011	 0.270	 0.017
  Cecal digesta weight, g	 1.73a	 0.05	 2.08b	 0.09	 1.85a,b	 0.02
    pH	 7.65c	 0.09	 6.87a	 0.05	 7.10b	 0.04
  Microbiota, % of total bacteria
    Lactobacillus spp.	 0.006a	 0.002	 0.171b	 0.143	 0.434b	 0.325
    Bifidobacterium spp.	 0.0031a	 0.0005	 0.0197b	 0.0098	 0.0178a,b	 0.0098
    Clostridium coccoides	 4.54b	 0.50	 1.02a	 0.51	 4.30b	 0.36
    Bacteroides	 31.9	 1.5	 52.6	 11.3	 26.4	 1.9
Organic acids, µmol/total digesta	
  Succinate	 14.4a	 3.6	 36.7b	 4.3	 9.6a	 2.5
  Lactate	 3.9	 2.0	 3.8	 1.8	 4.6	 0.7
  Acetate	 51.2	 2.6	 55.0	 3.6	 52.7	 3.6
  Propionate	 17.9	 1.8	 18.1	 1.4	 18.9	 0.6
  n-Butyrate	 18.8b	 1.2	 21.2a,b	 1.0	 23.4a	 1.8
  Total organic acids	 106.2a	 7.2	 134.8b	 4.8	 109.2a,b	 6.8

Mean values with their SEM; n=6. a‑cMean values with unlike superscript letters were significantly different, P<0.05 (Tukey post hoc test for 
body weight, food intake, liver weight, fecal weight, cecal pH, cecal Clostridium cocoides and cecal organic acids; Steel-Dwass test for cecum 
weight, cecal digesta weight, cecal Bifidobacterium spp., cecal Lactobacillus spp. and Bacteroides). HSR, high-starch; HSC, high-sucrose; PA, 
sodium phytate; MI, myo-inositol; SEM, standard error of the mean.  
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the fecal ratio of Lactobacillus spp. and decreased the fecal 
ratio of C. coccoides compared with the HSC diet alone 
(P<0.05; Fig. 3). Similar to PA intake, MI intake decreased 
the ratio of C. coccoides (P<0.05) and moderately increased 
the ratio of Lactobacillus spp. (Fig. 3). No significant differ-
ences were detected in the fecal ratio of Bifidobacterium spp. 
among the three groups (Fig. 3). As presented in Table IV, 
dietary PA or MI significantly increased the cecal ratio 
of Lactobacillus  spp. The cecal ratio of C. coccoides was 
decreased by dietary PA (P<0.05), but was not affected by 
dietary MI (Table IV). Dietary PA significantly increased the 
cecal ratio of Bifidobacterium spp. (P<0.05; Table IV); dietary 
MI also increased the ratio, but its effect was not significant 
(Table IV). Dietary PA or MI did not affect the cecal ratio 
of Bacteroides (Table  IV). The cecal succinate level was 
increased by the supplementation of PA in the HSC diet, as 
in experiment 1; whereas it was unaffected by MI intake. 
MI intake also marginally increased the cecal butyrate level 

(P<0.05). The levels of all other cecal OAs were unaffected by 
PA or MI intake.

Relation between liver TG and other parameters. The data 
from all rats were used for correlation analysis. As depicted 
in Table V, the liver TG concentration was positively corre-
lated with the activity and expression of hepatic lipogenic 
enzymes in experiments 1 and 2, and negatively correlated 
with the serum adiponectin level in experiment 2 (P<0.05). 
Fecal and cecal Lactobacillus spp. correlated negatively with 
the liver TG concentration in experiments 1 and 2 (P<0.05). 

Figure 1. Hepatic lipid content and the activities and expression of hepatic lip-
ogenic enzymes in rats fed a HSC diet with or without 1.02% PA or 0.2% MI. 
(A) Hepatic TL and TG concentrations. (B) Activities of hepatic G6PD and 
ME. (C) Expression of hepatic FAS, G6PD and ME1. Each bar represents 
the mean ± standard error of the mean values (n=6). *P<0.05 vs. HSC group. 
HSC, high‑sucrose; PA, sodium phytate; MI, myo‑inositol; TL, total lipids; 
TG, triglyceride; G6PD glucose‑6‑phosphate dehydrogenase; ME, malic 
enzyme; FAS, fatty acid synthetase.

Table V. Associations between liver TG concentration and 
lipid metabolic parameters, gut microbiota and cecal OAs. 

	 Correlation coefficient, r
	 Liver TG (mg/g tissue)
	 -------------------------------------------------------
Parameters	 Experiment 1	 Experiment 2

Liver
  G6PD activity, mU/mg protein	   0.763b	   0.769b

  ME activity, mU/mg protein	   0.805b	   0.747b

  G6PD expression	   0.741b	   0.516a

  ME expression	   0.876b	   0.706b

  FAS expression	   0.718b	   0.693b

Serum		
  Adiponectin, µmol/dl	 ND	  -0.559a

Feces microbiota, %		
  Lactobacillus spp.	  -0.569b	  -0.562a

  Bifidobacterium spp.	  -0.672b	 -0.317
  Clostridium coccoides 	  0.230	   0.793b

  Bacteroides 	  0.302	  0.249
Cecum microbiota, %		
  Lactobacillus spp. 	  -0.702b	  -0.739b

  Bifidobacterium spp. 	  -0.597b	  -0.821b

  Clostridium coccoides 	  0.212	  -0.508a

  Bacteroides 	 -0.275	  0.285
Cecum OAs, µmol/total digesta		
  Succinate 	  -0.541b	 -0.099
  Lactate 	  -0.577b	 -0.100
  Acetate 	  -0.490a	  0.044
  Propionate 	  -0.506a	 -0.100
  n-Butyrate 	 -0.376	 -0.103

There was significant correlation between parameters, aP<0.05 and 
bP<0.01. ND, not determined; G6PD, glucose-6-phosphate dehy-
drogenase; ME, malic enzyme; FAS, fatty acid synthetase; TG, 
triglyceride; OA, organic acid.
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A similar association was observed between the abundance 
of Bifidobacterium spp. and liver TG concentration, although 
this correlation was not significant for fecal abundance in 
experiment 2. The liver TG concentration exhibited a signifi-
cant positive correlation with the fecal and cecal abundance of 
C. coccoides in experiment 2 (P<0.05); while this correlation 
was not significant in experiment 1. The cecal levels of succi-
nate, lactate, acetate and propionate exhibited a significant 
negative correlation with the liver TG concentration in experi-
ment 1 (P<0.05): while this correlation was not significant in 
experiment 2 (Table V).

Discussion

The present study demonstrated that the effect of dietary MI 
was similar to that of dietary PA on the expression of hepatic 
lipogenic enzymes and gut microbiota in rats fed an HSC 
diet. Sakamoto et al (22) reported that [3H]PA is absorbed and 
distributed to various organs MI and MI‑monophosphate in 
rats. They speculated that soluble PA when administered in 
drinking water is rapidly absorbed through the stomach and 
upper small intestine, becomes quickly dephosphorylated 

within the mucosal cells and is distributed to various organs 
as inositol and MI‑monophosphate (22). In a previous study, 
dietary PA significantly increased the hepatic level of free 
MI in rats (7). It is postulated that the MI ring of PA may be 
responsible for the effects of PA on hepatic lipid metabolism 
and gut microbiota in rats fed an HSC diet. The present results 
suggest that MI, a vitamin‑like substance contained in various 
foods including milk and citrus fruits (23,24), may be a modu-
lating factor of gut microbiota in rats fed an HSC diet.

In accordance with previous results (5,7,14), the current 
study demonstrated that dietary PA may prevent fatty liver 
pathology, which may at least in part occur via a reduction 
in the activity and expression of hepatic lipogenic enzymes. 
Furthermore, in rats fed the HSC diet, dietary PA increased 
the ratio of Lactobacillus  spp. and decreased the ratio of 
C. coccoides in the cecum and feces. The current data also 
confirm our previous findings  (5,6) that PA intake does 
not affect the hepatic TG concentration and the activity of 
hepatic lipogenic enzymes in rats fed the HSR diet. The 
present study indicated that dietary PA did not significantly 
affect the expression of hepatic lipogenic enzymes and gut 
microbiota in rats fed the HSR diet. Thus, taken together 
with previous reports (5,7,14), our findings may suggest that 
dietary PA normalizes hepatic TG concentration as well as 
the activity and expression of hepatic lipogenic enzymes 
with a concomitant modulation of gut microbiota in rats fed 
a lipogenic diet.

The gut microbiota including Lactobacillus spp. and 
Clostridium spp. are established to regulate hepatic lipogen-
esis and fat storage (12,13). In the present study, the hepatic 
TG concentration was positively correlated with the activity 
and expression of hepatic lipogenic enzymes and negatively 
correlated with the fecal and cecal ratios of Lactobacillus spp. 
Xu  et  al  (25) reported that the hepatic TL concentration 
was negatively correlated with the concentration of gut 
Lactobacillus spp. in a nonalcoholic fatty liver rat model. 
Ritze et al (26) demonstrated that Lactobacillus rhamnosus 
protected against fatty liver disease induced by a high‑fructose 
diet in mice. Collectively, these findings indicate that hepatic 
TL and TG concentrations are associated with gut microbiota, 
particularly with the abundance of Lactobacillus spp. Thus, 
dietary PA or MI may ameliorate fatty liver pathology by 
modifying the abundance of Lactobacillus spp. in the gut of 
rats fed an HSC diet.

It is well known that the plasma level of adiponectin 
is decreased in patients with nonalcoholic fatty liver 
disease (27,28). The delivery of recombinant adiponectin has 
been reported to alleviate alcoholic and nonalcoholic fatty 
liver diseases in mice (29). The present study observed that 
dietary MI increased the serum level of adiponectin. The 
same trend was observed in rats fed the HSC diet with PA. 
The serum adiponectin level was also negatively correlated 
with the liver TG concentration. Croze et al  (18) recently 
demonstrated that dietary MI increased the plasma level of 
adiponectin in C57BL/6 mice fed a high‑fat diet. The effect of 
dietary MI and PA on the serum level of adiponectin may be 
associated with their anti‑fatty liver effect in rats fed an HSC 
diet. At present, a cDNA microarray analysis is in progress 
by our group to determine the gene expression profile in the 
liver of rats fed an HSC diet in response to dietary PA and MI. 

Figure 3. Fecal microbiota in rats fed an HSC diet with or without 1.02% sodium 
PA or 0.2% MI. Each bar represents the mean ± standard error of the mean 
values (n=6). *P<0.05 vs. HSC group; #P<0.05 vs. HSC + PA group. HSC, 
high‑sucrose; PA, sodium phytate; MI, myo‑inositol; C. cocoides, Clostridium 
cocoides.

Figure 2. Serum adiponectin in rats fed an HSC diet with or without 
1.02% sodium PA or 0.2% MI. Each bar represents mean ± standard error 
of the mean values (n=6). *P<0.05 vs. HSC group. HSC, high‑sucrose; PA, 
sodium phytate; MI, myo‑inositol.
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Liver transcriptome analysis has already revealed that PA or 
MI intake suppressed the expression of genes associated with 
lipid, fatty acid and long‑chain fatty‑acyl‑CoA biosynthesis 
processes and the NADP‑binding domain, which were upregu-
lated by the HSC diet (unpublished data).

Cecal OAs, which are products of bacterial fermentation, 
affect hepatic lipogenesis and cholesterogenesis in rats (15,16). 
In the present study, dietary PA increased the cecal succinate 
level in rats regardless of the dietary carbohydrate source. 
However, dietary MI did not affect the cecal succinate level 
in rats fed the HSC diet, and the liver TG concentration did 
not correlate with the cecal succinate level in experiment 2. 
Thus, it may be speculated that the levels of cecal OAs are not 
linked to the anti‑fatty liver effect of PA and MI in rats fed 
an HSC diet. It has previously been demonstrated that dietary 
PA increased the cecal butyrate level in rats fed a high‑fat 
diet (11). Dietary PA may affect the levels of cecal OAs differ-
ently according to the dietary composition. Further studies are 
necessary to investigate the association between the effect of 
dietary PA on the levels of cecal OAs with varying dietary 
composition in rats.

In conclusion, the present study indicated that dietary PA 
prevents fatty liver pathology by reducing the activity and 
expression of hepatic lipogenic enzymes. In addition, it may 
modulate the gut microbiota in rats fed an HSC diet, while 
having no effect on hepatic lipid metabolism or gut micro-
biota in rats fed an HSR diet. Therefore, it may be suggested 
that in rats fed a high‑lipogenic diet, dietary PA normalizes 
hepatic lipid metabolism and modulates the gut microbiota; 
an effect not observed in rats fed a normal diet. The findings 
of the present study also implicated that the MI ring of PA 
may be responsible for the beneficial effects of dietary PA on 
hepatic lipid metabolism and gut microbiota in rats fed an 
HSC diet. Further studies on the effect of PA or MI intake on 
lipid metabolism in adipose tissue and mineral metabolism in 
rats with fatty liver pathology should be performed in order to 
comprehensively evaluate the properties, bioavailability and 
safety of PA/MI intake.
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