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In Vivo Colonic Fermentation of  Sorghum (Sorghum bicolor L.): 
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the Physiological Parameters of  Cecum, Liver,  
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Summary  High amylose corn starch (HAS), whole grain sorghum (S-Wh), refined sor-
ghum (S-Rf) and a-corn starch (CON) diets were fed to animals for 1 mo aiming to examine 
the physiological effects of  resistant starch inclusion in the diet from grains. HAS exhib-
ited significantly lower feed intake, final body weight, serum lipid profile with significantly 
higher cecal parameters and short chain fatty acid (SCFA) contents. S-Wh group exhibited 
significantly higher body weight, feed intake and serum lipid parameters compared to other 
3 groups. Cecal fermentation was not seemed to be prominent in the CON, S-Wh and S-Rf  
groups with respect to lower cecal parameters and SCFA contents. The cecal microbial com-
positions in HAS, S-Wh and CON/S-Rf  exhibited 3 distinct clusters suggesting a significant 
effect of  the cecal microbial composition on cecal parameters, SCFA contents and physi-
ological parameters. .
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Non-digestible carbohydrates (NCs) such as resistant 
starch (RS) are known to possess beneficial physiologi-
cal and biological effects, such as weight management, 
reduction of  calorie intake, glucose homeostasis and 
lipid metabolism (1). These beneficial health effects are 
attributed to the gut microbial fermentation metabo-
lites, mainly short chain fatty acids (SCFA) (1).

Sorghum (Sorghum bicolor L.), is an indigenous cereal 
crop in Africa with unique nutritional properties, despite 
of  underutilization as a human food source. Low in vitro 
flour digestibility of  sorghum, is considered as a poten-
tial trait for overweight and obesity management, and 
is found to be associated with low digestibility of  both 
starch and protein fractions (2). With the low digestibil-
ity of  starch, it becomes an assuring source of  RS with 
an average between 12.0–21.5%, presenting potentials 
as a prebiotic substrate (2).

Natural RS food sources such as minor cereals, have 
earned the spotlight of  many studies recently, aiming to 
mitigate escalating increase of  chronic metabolic dis-
eases directly associated with diet, for instance co-mor-
bidities that encompasses metabolic syndrome. Thus 
the aim of  this study was to evaluate the physiological 
effects of  gut fermentation of  RS from grain sources 
in comparison to a well-characterized RS source, high 
amylose starch (HAS).

Materials and Methods
Experimental diets.  Two types of  sorghum flour, 

whole sorghum (S-Wh) and refined sorghum (S-Rf) flour 
were provided by Nakano Industry Corporation (Taka-
matsu, Japan) and the experimental diets (30% w/w) 
substitution by S-Wh, S-Rf  and HAS sources instead 
of  a-corn starch in control (CON) diet were prepared 
according to AIN-93G guidelines by Oriental Yeast Co., 
Ltd., (Tokyo, Japan).

Animal experimental design, care for laboratory animals 
and post-mortem excision of  organs.  Twenty four F344 
male rats (7 wk old; average body weight 130–160 g) 
were purchased from Charles River Japan (Yokohama, 
Japan). After acclimatization for one week, rats were 
devided into four similar body weight groups (6 rats/
group) and the feeding experiment was conducted for 
four weeks. The maintenance of  animals, daily and 
weekly routine measurements, sacrifice, post mortem 
organ excision and handling were conducted according 
to the methods described in (3). The animal experiment 
was conducted according to the guidelines of  “Guide 
for the Care and Use of  Laboratory Animals” and all 
the procedures were approved by the Animal Care and 
Experiment Committee of  Obihiro University of  Agricul-
ture and Veterinary Medicine (License no: 29–94).

Rat cecal bacterial DNA extraction, sequencing and 
analysis of  16S rRNA sequences.  Bacterial DNA was 
extracted from the cecal digesta employing the modi-
fied phenol-free repeated beads beating plus column 
(RBB1C) method described in (4). Extracted genomic 
DNA was purified via sequential digestions with RNase 
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and proteinase K (QIAGEN, Valencia, California, United 
States).

V3 and V4 variable regions of  16S rRNA were 
amplified using bacterial overhang adapters and uni-
versal primers in the first stage PCR; forward primer  
(5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
CCTACGGGNGGCWGCAG-3′) and the reverse primer 
(5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
GATTACHVGGGTATCTAATCC-3′). Second stage PCR,  
sequencing of  PCR products and the analysis of  retrieved 
raw 16S rRNA gene sequences was conducted accord-
ing to the method reported in (5). The generated biome 
table was normalized using an equal subsampling size 
of  11667 sequences. Distances between bacterial com-
munities in different samples were calculated by the 
weighted UniFrac distance metric and Principle Coordi-
nate Analysis (PCoA) plots generated in QIIME. Calypso 
version 8.72 was used to generate Least Discriminant 
Analysis effect size (LEfSe) plot.

Rat cecal SCFA analysis by high performance liquid chro-
matography (HPLC).  SCFA content in diluted cecal 
digesta of  rats were analyzed by HPLC (Shimadzu LC-
10AD, Kyoto, Japan). Samples were prepared accord-
ing to the method described in (3) and analytical 
specifications were as follows; column, RSpak KC-811 
(8.0 mm3300 mm, Shodex, Tokyo, Japan); eluent 
and flow rate, 2 mm HClO4 at 1 mL/min; column tem-
perature, 47˚C; reaction reagent and flow rate, ST3-R 
(310 diluted) at 0.5 mL/min; UV detector wavelength, 

450 nm.
Ammonia-nitrogen (AN), Immunoglobulin A (IgA) in 

cecal digesta and serum (fasting) biochemical analysis.  AN 
and IgA in the diluted samples of  cecal content and the 
serum biochemical parameters were analyzed according 
to the procedures reported in (6).

Statistical analysis.  All data were analyzed for their 
significance (p,0.05) by analysis of  variance (ANOVA) 
using SPSS statistical software version 17.0 (IBM Co., 
Armonk, New York, United States) coupled with Tukey’s 
test. Correlations among the parameters were obtained 
by Pearson’s correlation analysis tool in SPSS.

Results
At the end of  the experimental period final body 

weight (FBW) was significantly (p,0.05) lower in the 
HAS group compared to S-Wh group (Table I). FI and 
FBW had a similar trend, as body weight gain (BWG) 
was significantly (p,0.05) lower in the HAS group 
compared to the other three groups. Perirenal (Pe-AT) 
and epididymal adipose tissue (Ep-AT) weights were sig-
nificantly (p,0.05) lower in the HAS group in compari-
son to the two sorghum groups. Liver weight was sig-
nificantly (p,0.05) lower in the S-Rf  group compared 
to the CON group.

Cecal parameters were significantly (p,0.05) higher 
in the HAS group while other three groups reported sig-
nificantly (p,0.05) lower values. Cecal pH was signifi-
cantly (p,0.05) lower in the HAS group compared to 

Table  1.  Feed intake, body weight parameters and internal organ parameters of  rats fed a-corn starch (CON), high amy-
lose starch (HAS), whole sorghum (S-Wh) and refined sorghum (S-Rf) flour diets.

Parameter
Feed Groups

CON HAS S-Wh S-Rf

FBW (g) 24363 ab 23263 b 24663 a 24463 ab
BWG (g) 6962 a 5762 b 7163 a 6861 a
FI (g) 38065 ab 36565 b 39365 a 38165 ab
Liver weight (g) 9.4360.16 a 8.3260.12 bc 960.16 ab 8.2660.24 c
Adipose tissue weight
  Perirenal (g) 4.5360.12 ab 3.7560.25 b 4.8660.3 a 4.7660.16 a
  Epidydimal (g) 5.2960.16 a 4.0960.19 b 5.4160.38 a 5.2360.17 a
Cecum
  CW (g) 2.5360.28 b 5.8260.71 a 2.1860.09 b 1.9660.21 b
  CTW (g) 0.5560.03 b 0.9960.06 a 0.560.02 b 0.5160.02 b
  CCW (g) 1.9860.29 b 4.8360.68 a 1.6860.08 b 1.4660.22 b
  pH 7.1160.11 a 6.3260.11 b 6.8660.04 a 6.960.05 a
  Ammonia-N (mg/g cecum) 0.8460.09 a 0.4660.07 b 1.1160.07 a 1.0760.06 a
  IgA (mg/g cecum) 9965 ns 163623 ns 11064 ns 117622 ns
SCFA (mmol/g cecum)
  Acetate 80.46611.44 ab 115.3615.47 a 83.5465.95 ab 74.869.93 b
  Propionate 13.0561.40 ns 11.3361.52 ns 9.3760.88 ns 10.7161.51 ns
  Butyrate 3.4760.58 b 9.8361.37 a 5.3060.62 b 3.4661.29 b
  Total SCFA 96.98613.25 b 136.45617.43 a 98.2166.32 b 88.95612.03 b

Abrev: FBW; final body weight, BWG; body weight gain, FI; feed intake, CW; cecal weight, CTW; cecal tissue weight, CCW; 
cecal content weight, IgA; immunoglobulin-A, SCFA; short chain fatty acid, ns; not statistically significant.
Mean values6SE are presented in the table; a, b and c in each row represent significant differences at p,0.05 respectively. 
a, b represent significant differences at p,0.1.
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other three groups. AN content in the HAS fed group 
was significantly (p,0.05) lower compared to the other 
three groups. Acetic acid, butyric acid and total SCFA 
contents followed similar trends where, HAS fed group 
reported significantly (p,0.05) higher contents while 
other three groups had similar lower contents.

Total cholesterol (TC), HDL cholesterol (HDL-C), tri-
glycerides (TG) in the serum at the end of  the experi-
mental period were significantly (p,0.05) higher in 
the S-Wh and the CON fed groups in comparison to 
HAS fed group (data not shown). Non-HDL cholesterol 
(non-HDL-C) and glucose contents were significantly 
(p,0.05) higher in the CON and the S-Wh fed groups. 
Non-esterified fatty acid (NEFA) content in the HAS 
group was significantly (p,0.05) lower than the CON.

Discussion
FBW and BWG at the end of  the experimental period 

in S-Wh, S-Rf  and CON groups, seemed to be signifi-
cantly contributed by the liver weight, Pe-AT weight and 
Ep-AT weight as further backed by the positive correla-
tion coefficients, suggesting an effect of  adiposity (Table 
2). The direct contributions to FBW and BWG, from 
liver weight, adipose tissue weights in the previously 
mentioned groups were further illustrated by the Pear-
son’s correlation coefficients. On the other hand, cecal 
fermentation might have negatively affected FBW, BWG 
and other organ weights, which might have been exhib-
ited by the negative correlations with CW, CTW and 
CCW, an observation clearly apparent in the HAS group 
(7). Albeit, the colonic fermentation effect was not 
much clear in the raw data, Pearson’s correlation analy-
sis provided solid evidences for the fermentation effects 
by the negative correlation values for cecal parameters 
and SCFA with body weight parameters, adipose tissue 
weights and FI (7). The correlation effects indicated 
that cecal SCFA, especially propionic acid content sig-
nificantly reduced FI which might have been due to its 
pronounced satiety inducing effect (8). Further, butyric 
acid and total SCFA contents seemed to have negatively 
affected FI resulting lower FBW and BWG, possibly 
which might have been due to the lower adipose tissue 
weights which was apparent in HAS, and it was further 
evinced by the negative correlations between butyric 
content and adipose tissue weights. Acetic acid seemed 
to have affected FBW which might have been due to the 
effects of  other effector molecules either upregulated 
or downregulated by acetic acid (9). Higher RS content 
in HAS (30% w/w dry weight basis) might have been a 
good fermentative substrates for the key bacterial species 
identified in the HAS group; Bifidobacterium, Ruminococ-
cus, Bacteroides and Parabacteroides (data not shown) 
who are known for their complex carbohydrate degrad-
ing ability in the colon (10). Similar acetic acid level 
observed in CON group with S-Wh can be attributed to 
its higher relative abundance of  genus Blautia, identified 
as an acetogenic microorganism closely associated with 
mucus layer, even though the CON diet was deficient in 
fermentable carbohydrates (10).

As suggested by the correlations, significantly higher 

FI might have been the culprit for higher FBW, BWG, adi-
pose tissue weights and liver weights along with higher 
serum TC, HDL-C and non-HDL-C levels in the S-Wh 
group (Table 2). Albeit, the cecal propionic acid content 
was not significantly different among the groups, rela-
tive differences might have played a suppressing effects 
(i.e. releasing PYY, GLP-1) on FI as manifested by the 
negative correlation coefficient (11).

Negative correlations for CW, CTW and CCW and pos-
itive correlations for cecal pH with TC, non-HDL-C and 
TG in serum, further indicated anti-lipidemic effects of  
cecal fermentation (12). Interestingly, only cecal butyric 
acid content exhibited a significant negative correlation 
with serum TC and non-HDL-C. This might have been 
an indirect manifest of  the trophic effect of  butyric acid 
on cecal tissue proliferation or an effect of  activation 
of  GPR109A receptor in adipose tissue or hepatocytes, 
which responds only to butyric acid (9, 13). The correla-
tions between serum lipid profile and cecal butyrate con-
tent could be identified as a cross-sectional view of  the 
scenario in the adipose tissue masses, as they exhibited 
the same trend.

The contribution to serum TC from non-HDL-C 
seemed to be more prominent over HDL-C, according 
to Pearson’s coefficients among the above parameters 
and cholesterol ratio, which was evident in CON and 
S-Wh groups. Cholesterol ratio is considered as a better 
indicator of  risk of  heart diseases, and it indicated that 
HAS, S-Wh and S-Rf  posed significantly lower risk com-
pared to CON (14). Serum TG can be originated either 
from dietary fats (form of  chylomicrons) or hepatic de 
novo lipogenesis (form of  very low density lipoproteins) 
(15). Thus, the similar trend in correlations observed 
for serum non-HDL-C and TG with FI, liver and adipose 
tissue weights could be either due to higher dietary fat 
intake and/or higher hepatic lipogenesis. Yet, consider-
ing the magnitude of  the correlations for TG with FI and 
non-HDL-C in the S-Wh group, the latter seemed to have 
caused a notable effect, suggesting a higher hepatic 
lipogenesis.

Serum NEFA content is determined by the balance 
among lipolysis in adipose tissues and fatty acid oxida-
tion in muscles and de novo lipogenesis in liver, where 
a higher NEFA content in the serum might suggest an 
abnormal lipolysis in adipose tissues or impaired ability 
of  liver to export lipogenesis products or utilize NEFA 
(12, 16). Relationships of  serum NEFA with Ep-AT and 
liver weights might suggest an increased lipolysis in 
Ep-AT depot and higher NEFA uptake and utilization by 
liver, as evident in CON group.

A higher NEFA content persisting in serum causes 
peripheral insulin resistance due to the competition 
between NEFA and glucose as the energy source for 
muscles and liver leading to type II diabetes as a result 
of  damaged pancreatic b-cells (16). Insulin resistance 
can be caused by abnormal adipocyte function (due to 
inflammation or hypertrophy) manifesting an impaired 
sensitivity of  hormone sensitive lipase to insulin medi-
ated dephosphorylating activity (16). This can be 
caused by either genetic (genetically pre-disposed to type 
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II diabetes) or physiological factors (metabolic disorders, 
unhealthy living habits) resulting a flux of  NEFA due 
to uncontrolled lipolysis or inability to neutralize and 
store NEFA (16). On the other hand, impaired hepato-
cyte function again which could be due to genetic, neu-
rohumoral, metabolic or stress-related factors (i.e. non-
alcoholic fatty liver disease) might cause impairments in 
b-oxidation of  NEFA or TG synthesis and export result-
ing lower uptake by liver, which results in impaired glu-
cose tolerance in body increasing serum glucose levels 
(16). Higher serum glucose levels and their correlations 
with FI and adipose tissue weights in CON and S-Wh 
groups might reveal the contributing counterparts, 
while Ep-AT weight showed a higher effect suggesting 
impaired adipocyte functions, which might have been 
due to the increased adipocyte size (16).

Observed species index is an indicator of  a-diversity 
which provides information about the number of  differ-
ent species observed in the particular group. Interest-
ingly, the negative correlations with cecal parameters 
and SCFA and positive correlations with serum lipid 
parameters, FI, FBW, BWG and adipose tissue weights 
might suggest that the majority of  the species observed, 
especially in the CON group might have favored lipogen-
esis. Lack of  a correlation with cecal propionic acid con-
tent might suggest the lack of  species expressing propi-
onic acid producing enzymes, which was elucidated by 
the raw data itself  too.

On the other hand, Shannon index, the indicator of  
species relative abundance and evenness was not much 
correlated as the observed species index. Lack of  correla-
tions with cecal parameters and SCFA might suggest the 
negligible contribution to cecal fermentation by the bac-
terial OTUs observed in higher abundance in the CON 
and S-Rf  groups. These correlations of  a-diversity indi-
ces with cecal and SCFA parameters might explain the 
observed lower SCFA contents in the mentioned groups. 
Further, the positive correlations for Shannon index 
with non-HDL-C and cholesterol ratio might suggest the 
higher relative abundance of  bacterial OTUs that might 
have favored atherogenic cholesterol and TC increment 
in serum, which was clearly unraveled in the raw data 
for CON, S-Rf  and S-Wh groups. Thus, the chracteristic 
bacterial genera observed in CON, S-Rf  and S-Wh (data 
not shown) might have been associated with obesity or 
hyperlipidemic phenotypes.

Origin of  cecal ammonia can be either by urea hydro-
lysis or amino acid fermentation (17). According to the 
correlations observed between ammonia content and 
CW and CCW, it is obvious that the origin might have 
been amino acid fermentation by microbiota. Further, 
the relationships between ammonia and cecal acetic 
acid, butyric acid and total SCFA contents might suggest 
that amino acid fermentation in the cecum might have 
contributed to their concentrations in S-Wh, S-Rf  and 
CON groups (18). The resistant nature of  protein (Kafi-
rin; a prolamin) in the S-Wh and S-Rf  groups as previ-
ously reported and lack of  fermentable carbohydrate 
substrates in CON group might have caused amino acid 
fermentation and higher cecal ammonia content (18). 

Generally, cecal pH is considered to be increased in the 
presence of  a higher ammonia concentration which is 
suggested by the observed correlation between pH and 
ammonia content (19). Ammonia is considered as a 
cytotoxic and its higher concentrations are known to 
cause stress in animals, hindering their growth as sug-
gested by the negative correlations between ammonia 
and FBW. Yet, the negative correlation between observed 
species index and cecal ammonia content might suggest 
that the higher number of  different observed species in 
CON might not have been associated with ammonia pro-
duction, while a majority of  different species observed in 
the two sorghum groups might have been associated as 
manifested by the cecal ammonia contents.

The positive correlation observed between IgA 
and cecal parameters might explain the observations 
for cecal parameters and IgA expression in the HAS 
group. Lack of  a correlation with the observed species 
index and Shannon index might explain the similar 
IgA expressions across the four diet groups, which was 
also apparently observed in the clustered bar chart for 
genera distribution (figure not shown) among the four 
groups with higher intra-group variabilities that might 
have caused higher standard error in HAS. Further, the 
positive relationship with ammonia might have sug-
gested a link between ammonia producing OTUs and 
IgA expression.
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