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es of gut microbiota alteration
upon use of spectrum antibiotics in high sugar diet-
induced diabetes in rats†

Bhumika Prajapati,a Prasant Kumar Jena,ab Sweta Patela and Sriram Seshadri *a

Background: A sugar rich diet induces inflammation and insulin resistance (IR) mainly through gut

microbiota alteration. Gut dysbiosis increases lipopolysaccharide (LPS) and reduces propionate and

butyrate levels to impair the insulin signalling cascades by different molecular pathways, which

progresses into IR. The present study was designed to investigate the effect of spectrum specific

antibiotics on the modulation of gut microbiota and its signalling pathways to prevent diet-induced

diabetes. Methods: Healthy male Wistar rats were divided into a non-diabetic group with a control diet

(CD), a diabetic group with a high sucrose diet (HSD) and two antibiotic fed groups (linezolid and

cefdinir; administered by oral gavage) along HSD. Physiological, biochemical, inflammatory and

microbiome parameters were examined. Results: Cefdinir administration in HSD rats reduced fasting

glucose, serum triglyceride, and cholesterol levels compared to HSD alone. In addition, cefdinir reduced

serum LPS by decreasing the population of Gram-negative phyla, that is, Bacteroidetes and

Proteobacteria in the fecal content. Furthermore, cefdinir treatment decreased hepatic/ileal/colonic Tlr4,

Nlr1, and Nf-kB at the mRNA level. Moreover, cefdinir-treated rats had shown increased fecal butyrate

and propionate and reduced acetate levels compared to HSD alone. Cefdinir treatment also induced

ileal/colonic Gpr43 and Glut4 at the mRNA level after 12 weeks of administration. Conclusions: Taken

together, these data suggest that administration of a Gram-negative spectrum antibiotic, that is, cefdinir,

has modulated the gut microbiota, and reduced serum LPS and triglycerides, which prevented the

progression of IR and inflammation in HSD rats.
1. Introduction

A combination of environmental factors, including high sugar
diets and sedentary lifestyles, has led to the dramatic increases in
the incidence of metabolic disorders worldwide.1 The chronic low-
grade inammation in obesity and type 2 diabetes (T2D) is char-
acterized by increased levels of pro-inammatory cytokines, acute-
phase reactants and activation of inammatory signalling path-
ways.2 Recent evidence suggests that the gut microbiota is
important for body weight control and energy homeostasis.1

Several mechanisms have been identied for this interaction, but
they are still not well understood. A transplantation of the gut
microbiota from lean mice to germ free animals resulted in rapid
weight gain, increased epididymal fat content, reduction in lean
body mass, lower food intake and development of insulin
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resistance (IR).3 This suggests the important role of the gut
microbiota in energy harvest. Focusing on gut microbiota proles,
Turnbaugh and colleagues4 showed different bacterial prevalence
in lean vs. obesemice as well as in humans. Metagenomic analysis
had shown increased energy harvest in the gutmicrobiota of obese
individuals. The gut microbiota plays an important role in body
weight gain and glucose homeostasis through energy harvest, but
the mechanism of induction is still not clear. Researchers have
been focusing on gut microbiota proling and have compared gut
metagenomic composition between T2D and healthy animal
groups and observed an increase in Lactobacillus species with
a decrease in Clostridium species in the T2D group.5 Real time
quantitative PCR (qPCR) investigation has shown a signicantly
reduced proportion of phylum Firmicutes and Clostridia class in
the T2D group as compared to controls. Moreover, the ß proteo-
bacteria class was highly enriched in the diabetic group as
compared to the non-diabetic control group.3 Such ndings
provide signicant knowledge for developing strategies to control
the pathogenesis of diabetes through altering the gut microbiota.

The gut microbiota regulates insulin sensitivity through
various factors, but most importantly it works through the gut
derived lipopolysaccharide (LPS) and short chain fatty acids
(SCFAs). These molecules can act through the different
RSC Adv., 2018, 8, 26201–26211 | 26201

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra03774d&domain=pdf&date_stamp=2018-07-20
http://orcid.org/0000-0003-1547-2193
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03774d
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA008046


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/1
2/

20
25

 9
:4

0:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
signalling pathways of innate immune receptors and G-protein-
coupled receptors (GPCRs) to develop IR.6 A high sucrose diet
(HSD) can induce T2D through alterations in various gut
dominant microbial species in mice.7 Antibiotics, probiotics
and prebiotics canmodulate the gut microbiota considerably by
reducing the number of bacterial pathogens to prevent the
development of metabolic diseases.8 It has been established
that a HSD can modulate gut microbiota in mice, altering the
percentages of particular species of bacteria. In addition, anti-
biotics can downregulate the gut microbiota dramatically,
reducing the number of colonies and also modulating some
bacterial species. Linezolid and cefdinir were selected due to
their Gram-positive and Gram-negative antimicrobial spectrum,
respectively. Moreover, these drugs have complete oral
bioavailability. Long term antibiotic usage can result in anti-
microbial resistance which is the cause of severe infections,
treatment complications and mortality. Therefore, the aim of
the present study was not to prove antibiotic usage as a treat-
ment strategy, but to use this approach to modulate the gut
microbiota for investigating the correlations between changes
in the microbiota and insulin sensitivity and signalling, and, at
the same time, the possible mechanism that accounts for these
effects.
2. Materials and methods
2.1 Drugs and consumables

The active pharmaceutical ingredients of linezolid and cefdinir
were obtained as a gi from Macleod Pharmaceuticals ltd
(Mumbai, India). Synthesized oligonucleotides (IDT, USA),
emerald green PCR master mix (Takara, South Korea), cDNA
synthesis kit (Thermo Scientic, USA), QIAamp Stool DNA Kit
(Qiagen, Germany), biochemical reagent kits (Accucare Ltd),
SYBR green master mix (Takara, South Korea) were purchased.
2.2 Diets and experimental animals

Experimental diet including rodent control diet (CD) (Amrut agro
foods, Mumbai) and HSD which contains 65% sucrose was
prepared in our laboratory for diabetes induction.9 The compo-
sition of the experimental diets is presented in Table S1.† Around
8- to 10-week-old male Wistar rats, weighing about 150–200 g,
were purchased from the animal research facility (Cadila Phar-
maceutical Limited, Ahmedabad, India) with approval of the
Institutional animal ethics committee with protocol no. (IS/BT/
PhD11-12/1004) following the committee for the purpose of
control and supervision of experiments on animal's guidelines.
They were maintained in the animal house of the Institute of
Pharmacy (Nirma University, India). All experimental animals
having a similar weight were divided into four experimental
groups with 4 animals each, as follows: a non-diabetic group with
CD, a diabetic group with HSD, a diabetic group with HSD and
linezolid (10 mg kg�1) and a diabetic group with HSD along with
cefdinir (10 mg kg�1). The antibiotics dosage was determined
based on previously reported studies which suggested the
optimum MIC50 dose based on animal experimentation using
agar dilution methods10,11 as well as following the US Food and
26202 | RSC Adv., 2018, 8, 26201–26211
Drug Administration (USFDA) manuals. Animals were fed their
respective diets and antibiotics were administered daily for 80
days, while body weight gain was observed on a weekly basis.

2.3 Oral glucose tolerance test (OGTT) assay

Animals were examined using the OGTT aer 12 h of fasting.
Briey, aer 12 h fasting, animals were given a glucose load (2 g
kg�1) orally. Blood samples were collected from the animal's tail
vein at 0 min (before glucose administration), 15, 30, 60, 90 and
120 min aer glucose administration. Glucose concentration
was determined using the CareSens N blood glucose monitor
and glucose strips. The area under the curve for glucose
(AUCglucose) was calculated using the trapezoidal rule.12

2.4 Blood, fecal and tissue sample collection

The experimental animals were euthanized at the end of the
study and blood was collected through heart puncture followed
by serum and plasma separation. Fecal samples were collected
the day before euthanasia from all animals and stored at�80 �C
for further processing. The liver, adipose tissue, small intestine
(SI), and colon from each animal were excised, weighed and
stored at �80 �C for analysis.

2.4.1 Blood biochemical analysis. Total cholesterol (TC)
and triglyceride (TG) levels were analysed from plasma using
reagent kits (Accucare, India). Liver pathophysiology was eval-
uated by estimating serum ALT (Serum Glutamate Pyruvate
Transaminase, SGPT) and AST (Serum Glutamate Oxaloacetate
Transaminase, SGOT) using reagent kits (Accucare, India).

2.4.2 CRP and LPS estimation. C-reactive protein (CRP)
levels from the blood plasma were estimated using Accucare
reagent kits as per the protocol mentioned by the manufacturer.
Plasma LPS was analysed using Pierce LAL chromogenic endo-
toxin quantitation kits as per the protocol mentioned by the
manufacturer.

2.4.3 Fecal collection and DNA extraction. DNA extraction
from 200 mg of fecal samples was performed using the QIAamp
DNA stool mini kit according to instructions given by the
manufacturer (Qiagen, Hilden, Germany). The DNA quantity
was determined by taking the absorbance at 260 nm (A260),
while quality was estimated by determining the A260/A280 ratio
with a Nanodrop spectrophotometer (Nanodrop Technologies,
Wilmington, DE).

2.5 Standard bacterial strains

Standard strains of Lactobacillus casei (MTCC 1423), Escherichia
coli (MTCC 443), and Clostridium perfringens (MTCC 450) were
obtained from the microbial type culture collection (MTCC,
Chandigarh, India), whereas Bidobacterium bidum
(NCDC229) was obtained from the national collection of dairy
culture (NDRI, Karnal, India). The strain of Bacteroides vulgatus
(ATCC 25285) was obtained from the American Type Culture
Collection (ATCC, USA). The standard strains were used for
construction of standard curves for qPCR. Anaerobic culture
methods were maintained by using an O2-free anaerobic glass
chamber with air absorbing capsules (Himedia, USA) for culti-
vation and maintenance of Clostridium perfringens.
This journal is © The Royal Society of Chemistry 2018
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2.6 Microbial quantication by qPCR

The specic 16s rDNA primers targeting different bacterial
phyla and genera were used to quantify the fecal microbiota by
qPCR (Table S2†)13. The experiments were performed in the
Applied biosystems 7500 Fast Real-Time PCR system using
SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) from TAKARA bio
Inc, Japan. Each qPCR reaction was carried out in duplicate with
a nal volume of 20 mL containing 1 mL of each fecal isolated
DNA and 10 mM of each primer as shown in Table S2.† The
thermal cycling conditions used were as follows: an initial DNA
denaturation step at 95 �C for 30 s, 40 cycles of denaturation at
95 �C for 3 s, primer annealing and extension at 60 �C for 30 s.
Standard curves for all bacteria were constructed for each
experiment using serial tenfold dilutions of isolated bacterial
genomic DNA (of known concentration) from pure cultures,
corresponding to 101 to 1010 16S rRNA gene copies per g of
faeces. The specic bacterial concentration of each fecal sample
was calculated by comparing the cycle threshold (Ct) values
obtained from the standard curves with applied biosystems
7500 Fast Real-Time PCR System soware v2.0.6. The copy
numbers of bacterial genome were calculated using the Avoga-
dro constant and assuming the mean molecular weight of
a base pair to be 660 g mol�1. The data presented are the mean
values of duplicate qPCR analysis.
2.7 SCFA estimation

Short chain fatty acids such as acetate, butyrate, and propionate
from fecal samples were determined by HPLC analysis (ZOR-
BAX, eclipse plus Phenyl-Hexyl, Agilent, USA).14 0.1 M phos-
phate buffer solution having a pH of 2.5 was used as a mobile
phase. Fresh fecal samples were homogenized with mobile
phase, centrifuged at 8000 � g for 15 min at 4 �C and ltered
through a 4 micrometer HPLC lter with a 0.45 micrometer
nylon membrane (Millipore) directly into vials, which were
immediately preserved and analysed. The analysis was per-
formed at a ow rate of 0.5 mL min�1 at 25 �C, with 10 mM
H2SO4 as eluent and an injection volume of 50 mL. The mean
metabolite concentrations were expressed in millimolar (mM).
Short-chain fatty acids such as sodium acetate, sodium propi-
onate, and sodium butyrate (Sigma-Aldrich, USA) were used as
internal standards for the estimation.
2.8 Tissue biochemistry

Liver tissue was washed with physiological buffer or saline
solution, blotted dry and weighed before being used for tissue
biochemical analysis for glycogen, TC and TG. Liver glycogen was
determined as previously described.15 In brief, liver tissue (200
mg) was nely ground with 20 mL of 5% trichloroacetic acid
using a homogenizer. The clear ltrate was obtained by ltering
out the protein precipitates and analysed with anthrone reagent.
The colour was developed and the OD was read within 2 h at
650 nm. Liver cholesterol content was determined aer homog-
enization with Folch solution (chloroform/methanol ratio ¼
2 : 1). The lipids in the frozen liver were extracted according to
the protocol mentioned in the previous study.16 Triglyceride was
This journal is © The Royal Society of Chemistry 2018
rst hydrolysed in basic solution (0.5 N KOH in ethanol) and then
measured using a commercial enzymatic triglyceride analysis
kit.17 The histopathological analysis of the adipose tissue of all
experimental groups was performed using hematoxylin and
eosin staining as per description.9

2.9 Gene expression using real time PCR (RT-PCR)

Total RNA was isolated from fresh tissue samples (SI, colon,
liver, and adipose tissue) using TRI reagent (Sigma-Aldrich,
USA) according to the manufacturer's protocols. An extracted
RNA was quantied by determining optical density at 260 nm,
while it's purity was determined by calculating the ratio at
260 nm and 280 nm using Nanodrop spectrophotometer. The
mRNA expression of various inammatory genes, such as Tlr2,
Tlr4, Nlr1, Nlr2, Nf-kB, Tnf-a, and Il6 was assessed. Gene
expression analyses have also been performed for Glut4, Glp1,
Gpr43 and all the primer sequences are listed in Table S3.†18 b-
Actin served as an internal control. Reverse transcription was
performed using a rst strand cDNA synthesis kit (Thermo
Scientic, USA) according to the protocol mentioned by
manufacturer. The RT-PCR reaction was performed on the
Applied Biosystems 7500 Fast Real-Time PCR system using
SYBR Premix Ex Taq™ II (Tli RNaseH Plus) (Takara Bio Inc,
Japan). Relative quantication of gene expression was per-
formed using the comparative threshold cycle method (DDCt),
in which the expression level of each target gene was normal-
ized to the levels of b-actin.19 Data output was expressed as fold
changes of mRNA expression levels.

3. Results
3.1 Effects of gut microora modulation on OGTT and
physiological parameters

Incremental changes in the plasma glucose concentration of
experimental rats following oral glucose intake were mentioned
(Fig. S1a†). The blood glucose levels of HSD rats were signi-
cantly higher than those for the CD group at 15, 30 and 60 min.
There were no signicant differences in incremental glucose
levels at 120 min between the HSD and the linezolid-treated HSD
groups, while cefdinir administration to HSD rats had signi-
cantly reduced the glucose levels at 120 min. As shown
(Fig. S1b†), the glucose AUCs during the OGTT of the HSD group
were elevated signicantly (p < 0.001) compared with the CD
group, while the cefdinir-treated HSD group showed signicantly
(p < 0.001) decreased glucose AUC levels compared with HSD
alone. HSD-fed rats had signicantly increased body weight (p <
0.05), liver (p < 0.05) and adipose tissue weight (p < 0.05) as
compared to the CD group aer 12 weeks of diet intervention and
these changes were reversed by cefdinir administration. HSD-fed
rats treated with linezolid had not shown any signicant changes
with respect to all these parameters (Fig. S1†).

3.2 Effects of gut microora modulation on biochemical and
inammatory parameters

HSD administration resulted in signicantly increased fasting
glucose (p < 0.001), serum triglyceride (p < 0.001) and serum
RSC Adv., 2018, 8, 26201–26211 | 26203
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Table 1 Effects of gut microflora modulation on blood biochemical, inflammation and liver biochemical parametersa

Parameters

Experimental groups

CD HSD HSD + Lin HSD + Cef

Blood biochemical parameters
Fasting glucose (mg dL�1) 85.4 � 15.67 142.4 � 11.77*** 153.45 � 23.5 120.7 � 15.67#

Triglycerides (mg dL�1) 50.7 � 8.67 174.3 � 23.17*** 145.1 � 25.3 125.6 � 23.1##

Total cholesterol (mg dL�1) 100.4 � 30.6 181.1 � 35.12* 161.2 � 35.11 150.9 � 11.6#

Inammatory parameters
SGOT (IU mL�1) 28.46 � 5.02 53.64 � 4.22* 54.23 � 4.98 39.76 � 2.67
SGPT (IU mL�1) 17.79 � 6.82 40.34 � 10.11* 36.78 � 5.56 28.56 � 9.02#

CRP (mg dL�1) 2.34 � 1.81 8.18 � 2.16** 6.56 � 2.78 3.99 � 0.97##

LPS (IU mL�1) 0.37 � 0.02 0.65 � 0.08** 0.80 � 0.11# 0.482 � 0.32#

Liver biochemical parameters
Glycogen (mg g�1) 4.23 � 0.96 8.54 � 2.15* 9.23 � 2.54 5.76 � 0.23#

Triglyceride (mg g�1) 11.23 � 2.18 33.48 � 6.18*** 25.89 � 3.18 19.98 � 3.67#

Cholesterol (mg g�1) 2.27 � 1.62 7.18 � 2.15* 9.24 � 1.67 5.98 � 0.98

a CD: control diet, HSD: high sucrose diet, Lin: linezolid, Cef: cefdinir, SGOT: serum glutamic oxaloacetic transaminase, SGPT: serum glutamate-
pyruvate transaminase , CRP: C-reactive protein, LPS: lipopolysccharide *Compared with CD, #compared with HSD. Data is presented as means �
SD (n ¼ 4). One-way ANOVA was carried out using GraphPad Prism 6 where *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05 and ##p < 0.01.
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total cholesterol (p < 0.05) levels as compared with the CD group
(Table 1). Cefdinir-treated HSD rats had reduced fasting glucose
(p < 0.05), serum triglyceride (p < 0.001) and serum TC (p < 0.05)
levels compared with HSD controls, while linezolid adminis-
tration did not signicantly affect these parameters, as shown
in Table 1. Rats that were HSD-fed for 12 weeks had signicantly
Fig. 1 Effects of gut microflora alteration on gut dominant phyla: effe
(linezolid and cefdinir) were studied on three major gut dominant phyla,
HSD: high sucrose diet, Lin: linezolid and Cef: cefdinir. (A) The percentag
and final microbial copy numbers. (B) The respective changes in bacteri

26204 | RSC Adv., 2018, 8, 26201–26211
(p < 0.05) elevated serum ALT and serum AST levels as compared
with the CD group and cefdinir-treated HSD rats showed
a signicant (p < 0.05) decrease in serum AST levels as compared
with HSD controls, as shown in Table 1. HSD-fed animals had
increased (p < 0.01) CRP and LPS levels compared to the CD
group and cefdinir administration reversed those changes,
cts of altering the gut microflora using spectrum specific antibiotics
Firmicutes, Bacteroidetes and Proteobacteria, where CD: control diet,
e microflora is presented by calculating the difference between initial
al copy numbers amongst the experimental groups.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Effects of gut microflora alteration on gut dominant genera: effects of altering the gut microflora using spectrum specific antibiotics were
studied on four major gut dominant genera, where CD: control diet, HSD: high sucrose diet, Lin: linezolid and Cef: cefdinir. (A) The percentage
microflora is presented by calculating the difference between initial and final microbial copy numbers. (B) The respective changes in bacterial
copy numbers amongst the experimental groups.
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while linezolid did not signicantly change these parameters.
HSD-fed rats had signicantly increased hepatic cholesterol (p <
0.05), triglyceride (p < 0.001), and glycogen (p < 0.05) levels
compared with the CD group and cefdinir administration had
reduced liver triglyceride and glycogen levels. In contrast, cef-
dinir treatment did not affect liver cholesterol. Linezolid
administration had slightly increased the liver cholesterol and
glycogen levels, but had no effect on liver triglycerides (Table 1).
3.3 Effects of gut microora modulation on gut dominant
microora

The effects of gut microora modulation using antibiotics was
studied on three major gut dominant phyla, Firmicutes, Bac-
teroidetes, and Proteobacteria. HSD and antibiotic adminis-
tration had shown divergent effects on the microbial phyla.
HSD administration had decreased Firmicutes (18.37%), while
increasing Bacteroidetes (17.06%), and Proteobacteria (1.3%)
copy numbers as compared with the CD group. Linezolid
administration had further decreased the Firmicutes (9.15%)
copy number with a concurrent increase in the Bacteroidetes
(7.34%) and Proteobacteria (1.82%) populations compared to
the HSD control. Cefdinir administration to HSD rats had
increased Firmicutes (11.73%) with a decrease in Bacteroidetes
(11.08%) and Proteobacteria (0.83%) compared with HSD
controls (Fig. 1A and B). The effects of gut microora alteration
This journal is © The Royal Society of Chemistry 2018
were also studied on four gut dominant genera, Lactobacilli,
Bidobacteria, Escherichia, and Clostridia (Fig. 2). HSD-fed rats
had signicantly altered gut dominant microbiota and reduc-
tion in the Lactobacilli (7.15%), Bidobacteria (12.48%), and
Clostridia (4.07%) with an increased Escherichia (23.91%) copy
number as compared to CD rats. Linezolid-treated HSD rats
shown decrease in the Bidobacteria (3.09%) and Clostridia
(2.0%) with an increased Escherichia (5.0%) copy number, but it
did not show any effect on Lactobacilli copy numbers. Cefdinir
reduced the copy number of Escherichia (11.54%) with an
increase in Bidobacteria (7.39%), Lactobacilli (2.12%) and
Clostridia (1.83%) copy numbers compared to HSD controls
(Fig. 2A and B).
3.4 The effects of gut microbiota alteration on GPCR and
insulinotropic modulation

The effects of gut microbiota alteration by spectrum specic
antibiotic administration on major microbial metabolites, the
SCFAs, including acetate, propionate, and butyrate, was studied
(Fig. 3A). HSD-fed rats had signicantly increased fecal acetate
levels (p < 0.05), while decreased propionate and butyrate levels
(p < 0.05) as compared to the CD group. Linezolid had increased
the acetate levels (p < 0.05) but did not change propionate and
butyrate levels as compared to HSD controls. Cefdinir supple-
mentation to HSD rats resulted in signicant reduction in the
RSC Adv., 2018, 8, 26201–26211 | 26205
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Fig. 3 Effects of gut microflora alteration on short chain fatty acids (SCFAs) and insulinotropic parameters: Effects of altering the gut microflora
using spectrum specific antibiotics were studied on (A) major microbial metabolites, that is, SCFAs such as acetate, propionate and butyrate and
(B) mRNA expression of SCFA receptors, that is, Gpr43 and Glp1 as well as Glut4. Data are presented as means with SD (n ¼ 4). One-way ANOVA
was performed using GraphPad Prism 6 where *p < 0.05, **p < 0.01 and ***p < 0.001 ; CD: control diet, HSD: high sucrose diet, Lin: linezolid and
Cef: cefdinir.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/1
2/

20
25

 9
:4

0:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
acetate level (p < 0.05) while increased propionate (p < 0.05) and
butyrate (p < 0.05) levels as compared with HSD controls, as
shown in Fig. 3A. The histopathological analysis of adipose
tissue showed that the mean area of adipocytes was enlarged in
HSD-fed rats and those administered linezolid compared with
the CD group. The cefdinir-treated HSD group showed
decreased adipocyte size compared to HSD controls as shown in
Fig. S2.† The mRNA expression of Gpr43 and glucose transporter
4 (Glut4) was studied from adipose tissue, while Glp1 was
studied from colonic tissue, according to their highest expres-
sion. HSD-fed rats had signicantly (p < 0.01, p < 0.01 and p <
0.001, respectively) decreased mRNA expression of Gpr43, Glut4,
and Glp1 compared with the CD group. Cefdinir administration
had increased the mRNA expression of Gpr43 (p < 0.01) and
Glut4 (p < 0.05) as compared with HSD controls. Linezolid
administration did not have any signicant effects on the
mRNA expression of these genes (Fig. 3B).
3.5 The effects of gut microbiota alteration on innate
immune receptor expression

The effects of gut microbiota alteration were studied on the
expression of major pattern recognition receptors (PRRs) such
as Toll-like receptors (TLRs) and NOD-like receptors (NLRs) in
the SI and colon. In the SI, Tlr2 (p < 0.05) and Nlr1 (p < 0.01)
mRNA expression was found to be increased, while Nlr2 mRNA
26206 | RSC Adv., 2018, 8, 26201–26211
expression was found to be signicantly decreased (p < 0.05) in
the HSD group compared to the CD group. Cefdinir adminis-
tration to HSD-fed rats had signicantly decreased Tlr2 (p <
0.01) and Nlr1 (p < 0.05) mRNA expression compared with HSD
alone. Linezolid administration signicantly increased Nlr1
mRNA expression compared with HSD controls (Fig. 4). In the
colon, Tlr4 and Nlr1 (p < 0.05) mRNA expression was found to be
signicantly increased in the HSD group as compared to the CD
group. Cefdinir administration had signicantly (p < 0.05)
decreased Tlr4 mRNA expression compared with HSD controls.
Linezolid application had signicantly (p < 0.05) increased Nlr1
mRNA expression in HSD controls (Fig. 4).
3.6 The effects of gut microbiota alteration on inammation
receptors

The effects of gut microbiota modulation were studied on
inammatory mediators, that is, Nf-kB and inammatory cyto-
kines such as Il6 and Tnf-a from the SI, colon, and liver. HSD
administration had signicantly increased mRNA expression of
Nf-kB, Il6 and Tnf-a in the liver (p < 0.01, p < 0.01 and p < 0.001,
respectively); the SI (p < 0.001, p < 0.05 and p < 0.001, respec-
tively) and the colon (p < 0.01, p < 0.001 and p < 0.05, respec-
tively) and cefdinir administration reversed those changes.
Linezolid administration did not signicantly alter expression
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03774d


Fig. 4 Effects of gut microflora alteration on TLR and NLR expression: Effects of altering the gut microflora using antibiotics were studied on
mRNA expression of TLRs such as Tlr2 and Tlr4 as well as NLRs such asNlr1 andNlr2. CD: control diet, HSD: high sucrose diet , SI: small intestine,
Lin: linezolid and Cef: cefdinir. One-way ANOVA was carried out (n ¼ 4) where *p < 0.05 and **p < 0.01.
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of these inammatory genes compared with HSD controls
(Fig. 5).

4. Discussion

The increased incidence of metabolic complications cannot
only be ascribed to alterations in genetic prole, nutritional
habits and physical activity in day-to-day life, but lately identi-
ed gut microbiota being the most important environmental
factor involved in this. Gut microbiota modulation using anti-
biotics could be a novel therapeutic approach due to its
noticeable involvement in human health and disease progres-
sion.20 The present investigation was focused on the effect of gut
microbiota modulation using different spectrum antibiotics on
the progression of HSD-induced hyperglycaemia. Daily co-
administration of antibiotics to HSD rats for 12 weeks resul-
ted in major alterations at physiological, biochemical, histo-
pathological and microbiome levels. Gut microbiota
composition contributes to the regulation of body weight and
glycemic control through an association with energy extraction
and storage, intestinal integrity, fat metabolism and inam-
mation. The dietary pattern is considered to be one of the most
important environmental factors that inuences the gut
microbiota composition within a host, affecting the functional
interrelationships.21 Furthermore, antibiotics have recently
being used to alter the gut microbiome composition in rodent
models for the prevention of obesity and diabetes.22 The non-
This journal is © The Royal Society of Chemistry 2018
specicity of the antibiotics with regard to their antimicrobial
spectrum was the major limitation of previous gut microbiome
studies involving administration of various antibiotics for gut
microbiota modulation. The use of narrow antimicrobial spec-
trum antibiotics for selectively “knock-down” of gut microbial
species in rat model systems might help to understand the
microbiome-disease causality. The major aim of the current
investigation was to examine the relationship between specic
gut microbial communities and the HSD-induced obesity/
diabetes phenotype. To full this aim, we tried gut micro-
biome modulation in the HSD-induced diabetic rat using two
different spectrum antibiotics, linezolid and cefdinir. Major
changes in the rat metabolic and inammatory phenotypes,
physiology, biochemistry and gut microbiome 16S rDNA gene
proles were observed following antibiotic administration.
Linezolid belongs to the oxazolidinone class which specically
inhibits cell wall synthesis in Gram-positive bacteria with very
little effect on Gram-negative bacteria due to differences in their
outer membrane structures.23 In contrast, cefdinir is a third
generation cephalosporin which inhibits cell wall synthesis
mainly in Gram-negative bacteria.24 Feeding with a HSD
provides a dietary model of T2D associated with IR, hyper-
insulinemia and hypertriglyceridemia.25,26 A HSD can be
a source of inammation, which causes weight gain. An over-
load of fructose in the liver perturbs the glucose metabolism
and glucose uptake pathways, leading to an enhanced rate of de
RSC Adv., 2018, 8, 26201–26211 | 26207
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Fig. 5 Effects of gut microflora alteration on inflammatory gene expression: effects of altering the gut microflora using antibiotics were studied
on mRNA expression of inflammation genes, such as Nf-kB, Il6 and Tnf-a. CD: control diet, HSD: high sucrose diet; SI: small intestine, Lin:
linezolid and Cef: cefdinir. One-way ANOVA was carried out (n ¼ 4) where *p < 0.05, **p < 0.01, ***p < 0.001.
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novo lipogenesis and triacylglycerol synthesis through the high
ux of glycerol and acyl molecules from fructose catabolism,
ultimately inducing the IR commonly observed in humans and
animals.27

We have observed the reduced number of Firmicutes with an
increased Bacteroidetes and Proteobacteria population upon
HSD administration (Fig. 1). This can be correlated with previous
reports, which suggested that western style diets, that is, high in
sugar and low in bre reduce the amount of benecial Firmicutes
that ferment the dietary plant-derived polysaccharides to SCFAs,
while increase the mucosa-associated Proteobacteria and enteric
pathogens.28 Previous microbiome studies in mice showed that
a high-fat or sugar diet increases the ratio of Gram-negative to
Gram-positive microbes leading to an elevated bacterial LPS and
26208 | RSC Adv., 2018, 8, 26201–26211
proinammatory responses.19 Our results showed a signicant
increase in body weight gain, adipose tissue and liver weight in
the HSD group, while the antibiotics group have shown a diver-
gence with respect to these parameters (Fig. S1†). Cefdinir
administration had decreased the Gram-negative bacteria load in
the HSD group due to its antimicrobial spectrum against Gram-
negative microorganisms, which further decreased LPS-induced
inammation and prevented HSD-mediated weight gain. Line-
zolid did not have any signicant effect on body weight due to its
Gram-positive antimicrobial spectrum. The intestinal bacterial
diversity and abundance would be lowered by application of
these both antibiotics but the positive effects of cefdinir in the
prevention of diabetes cannot be explained by a general
“cleansing” of the gastrointestinal microbiome. Instead, the
This journal is © The Royal Society of Chemistry 2018
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positive effects of cefdinir on weight loss and hyperglycaemic
control indicate changes in the specic gut microbiome
composition. Cefdinir-treated rats showed a higher proportion of
the Gram-positive bacteria, Firmicutes and a lower abundance of
the Gram-negative bacteria, Bacteroidetes and Proteobacteria.
We have observed a signicant reduction in Lactobacilli, Bido-
bacteria and Clostridia genera in HSD rats compared to CD rats,
which can be correlated with a decrease in hepatic cholesterol
and triglyceride levels. One study has reported on the role of
probiotic bacterial species, such as Lactobacillus and Bidobac-
teria, in the production of SCFAs through fermentation of food-
derived non-digestible carbohydrates in the colon. These
metabolites play a role in the clearance of blood lipids by
inhibiting cholesterol synthesis in the liver or redistributing it
from plasma to the liver. Animal studies have demonstrated the
efficacy of Lactobacillus in lowering serum cholesterol levels,
presumably by breaking down bile in the gut, thus inhibiting its
reabsorption.29 We have observed reduced levels of major SCFAs,
such as butyrate, in the fecal samples of HSD animals compared
to CD animals, while it was found to be increased upon cefdinir
administration (Fig. 3). Butyrate plays a major role in decreasing
mucosal inammation and oxidative stress, altering intestinal
motility and visceral sensitivity, regulating transepithelial uid
transport and maintaining the epithelial defence barrier. In
addition, its role in the prevention and inhibition of inamma-
tion has been stressed by an increasing number of studies.30

Alterations in the SCFA levels can be directly correlated with the
microbial species dominating in the human gut. A decrease in
the Clostridia number resulting from a HSD has been directly
correlated with a decrease in butyrate from fecal samples.31 This
can be explained by the fact that Clostridium species play a crucial
role in the metabolic welfare of colonocytes by releasing butyrate
as an end-product of fermentation and this also inhibits the
activation of the transcription factor Nf-kB in gut cells. Increased
production of Il-10 by T cells and decreased expression of Nf-kB
might lead to a consequent intestinal and systemic anti-
inammatory effect.32

An increase in the amount of butyrate in fecal samples from
cefdinir-treated animals can be correlated with an increase in
Firmicutes levels in this group. One study has stated that
colon-residing Gram-positive anaerobic bacteria have
demonstrated maximum ability to produce butyrate in the
human. Faecalibacterium prausnitzii, which belongs to the
Clostridium leptum (or clostridial cluster IV) cluster, and
Eubacterium rectale/Roseburia spp., which belong to the Clos-
tridium coccoides (or clostridial cluster XIVa) cluster of Firmi-
cutes bacteria appear to be two of the most important groups
of butyrate producers.33 We have observed a decrease in
propionate levels in HSD rats, which were increased following
cefdinir administration. Propionate has potential health-
promoting effects including anti-lipogenic, cholesterol-
lowering, anti-inammatory and anti-carcinogenic proper-
ties.34 The molecular mechanism through which SCFAs
mediate an effect on the progression of metabolic complica-
tions is still not understood. However, several studies have
stated that SCFAs might play a role in disease progression
through SCFA receptor pathways, that is, via GPCRs.35 We
This journal is © The Royal Society of Chemistry 2018
found a decrease in the expression of Gpr43 in the HSD group,
while cefdinir treatment had increased its mRNA expression
(Fig. 3). Gpr43 is reported to be involved in energy regulation
in response to SCFAs produced from gut microbiota. The body
weight and fat pad weight of Gpr43 knockout mice are
signicantly increased compared to wild-type mice, and this
difference is abolished in germ-free conditions.36 We have
observed a decrease in incretin, that is, Glp1, and Glut4
expression in HSD rats compared with the CD group. An
increase in Glp1 levels through Glp1 receptor agonists
contributes to the reduction in storage and secretion of
triglycerides in the hepatic system. Cefdinir administration
increased the expression of Glut4 in HSD-receiving rats. Glut4
is a facilitative diffusion glucose transporter and is the major
insulin-regulated glucose transporter in skeletal muscle,
heart, and adipocytes. It is downregulated in adipocytes of
both humans and rodents with obesity or T2D, and this
downregulation is one of the earliest events in the pathogen-
esis of T2D.37 Recent ndings indicated that knockdown of
Glut4 in adipocytes resulted in IR and its overexpression
reduced fasting glycaemia and improved glucose tolerance.38

An increased percentage of Bacteroidetes and Proteobacteria
was found to be associated with an increase in circulating LPS
which decreased the whole body insulin tolerance. When these
animals were treated with cefdinir as a strategy for intestinal
microora modulation, they showed a marked reduction in
Bacteroidetes and Proteobacteria along with circulating LPS,
which attenuated Tlr4 and Nlr1 activation and resulted in
improved insulin sensitivity. The available data indicate that
translocation of Tlr4 and Nlr1 agonists such as LPS and iE-
DAP, respectively, from the gut is an important feature in
metabolic diseases promoting inammation and IR.39 An
intracellular muramyl dipeptide (MDP), a ligand for Nlr2, is
predominantly present in Gram-positive strains.40 In the CD
group, due to symbiosis in the Gram-positive and Gram-
negative bacteria, there is an increased Nlr2 expression
response. Following HSD induction, Gram-negative ora
increases which results in decreased Gram-positive ora,
hence a subsequent drop in MDP decreases expression of Nlr2.
On the contrary, as linezolid is Gram-positive specic, it
caused degradation of strains and elevated levels of MDP and
hence increased expression of Nlr2 was observed in the SI
(Fig. 4).

Previous studies have shown the importance of LPS in
inammation and the induction of IR using LPS injection and
sepsis models.41 The mechanism involving LPS is initiated
when it binds to Tlr4, its receptor, which, in turn, associates
with MyD88 and triggers its signalling pathway; this, in turn,
inhibits Nf-kB kinase subunit ß (IKKß) through IL-1 receptor-
associated kinase (IRAK), leading to serine phosphorylation of
IRS-1, nuclear Nf-kB activation, transcription of proin-
ammatory cytokines and IR.42 Nlr1 senses iE-DAP, which is
found in the peptidoglycan of all Gram-negative bacteria.43

Ligand-bound Nlr1 and Nlr2 oligomerize and signal via the
serine/threonine RIP2 (RICK, CARDIAK) kinase through
CARDCARD homophilic interactions.44 Once activated, RIP2
mediates ubiquitination of NEMO/IKKg leading to the
RSC Adv., 2018, 8, 26201–26211 | 26209
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activation of Nf-kB and production of inammatory cytokines.
Therefore, our results have shown an increase in the expression
of the proinammatory cytokines Tnf-a and Il6 in HSD rats.

Gut microbiota modulation through cefdinir lowered the
expression of HSD-induced proinammatory cytokines. The
reduction in the Gram-negative microbial load through cefdinir
application reduced circulatory LPS levels in the gut, which
decreased the expression of innate immune receptors such as
the TLRs and NLRs. Downregulation of these pathways led to
the reduction in Nf-kB activity and thus reduced the expression
of proinammatory cytokines which are directly associated with
progression of inammation-induced IR. The expression of
various pro-inammatory cytokines such as Tnf-a, Il-1 and Il6
has been found to be linked to systemic inammation and
associated with IR.45 In a previous study, treatment with
a combination of three antibiotics (ampicillin, neomycin and
metronidazole) greatly modied the gut microbiota with
a signicant reduction in overall bacterial count and circulating
plasma LPS levels. This manipulation also reduced Tnf-a and Il6
along with reduced activity of Tlr4, JNK, and IKK-ß which
improved glucose tolerance and insulin action in metabolically
active tissues.8 It has been reported that proinammatory
cytokines can interfere to downregulate the IRS pathway.
Proinammatory cytokines phosphorylate the threonine moiety
of the insulin receptor instead of the serine, which changes the
structural conformation of the receptor. Thus, insulin cannot
bind to the receptor leading to the downregulation of the IRS
pathway and progression into IR.46 Downstream signalling
pathways of the GPCRs induced the release of incretin, that is,
Glp1, which had increased the glucose uptake through Glut4
and increased insulin sensitivity. Gut microbiota modulation by
reducing Gram-negative microora has been shown to have
a preventative effect in diet-induced diabetes. Such modulation
can be done by using spectrum specic antibiotics, probiotics,
and prebiotics. Our previous data showed that the polymer
chitosan can reduce the pathogenesis of diet-induced diabetes
through increasing the benecial gut microbiota (for example,
Lactobacilli and Bidobacteria) population and decreasing the
Gram-negative microora.47 Our results are in agreement with
earlier work showing that Gram-negative bacteria-targeted
antibiotics caused both weight loss as well as a favourable gly-
cemic prole for glucose and insulin.8 A combination of poly-
myxin B and neomycin application had dramatically reduced
glucose levels by decreasing Gram-negative bacteria.48 Taken
together, it has been shown that targeted inhibition of Gram-
negative bacteria reduced the progression of diabetes and
metabolic disorders in rats and mice.

5. Conclusion

In conclusion, cefdinir (Gram-negative specic) exhibited
interesting diabetic preventative properties in HSD-induced
diabetic rats. In addition, cefdinir intervention had prevented
the progression of IR and normalized HSD-mediated gut dys-
biosis by decreasing the relative copy number of Proteobacteria
and Bacteroidetes. Furthermore, cefdinir treatment had
decreased metabolic endotoxemia-mediated inammation and
26210 | RSC Adv., 2018, 8, 26201–26211
might have activated insulin receptor signalling (IRS) by
decreasing the expression of the pro-inammatory cytokines. It
had further increased the amount of the major benecial
bacteria in the gut, that is, Bidobacteria and Clostridia, which
had been found to increase the amount of butyrate in the colon.
Cefdinir had induced expression of the SCFA receptor Gpr43 at
the mRNA level. Thus, selective manipulation of the gut
microbiota using spectrum specic antibiotics can be an
emerging therapeutic strategy for the prevention of IR.
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