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Abstract. High glucose plays a critical role in diabetes. 
However, the point when high glucose induces diabetes and 
the organ that triggers the initiation of diabetes remain to be 
elucidated. The aim of the present study was to clarify the 
damage induced on different organs of rats, when adminis‑
tered a 2‑week infusion of dietary glucose. SD rats (12 weeks 
old) were randomly divided into normal diet, high glucose 
infusion (IHG) and oral high glucose (OHG) groups. The 
levels of fasting blood sugar, tumor necrosis factor (TNF)‑α 
and interleukin (IL)‑6 were assessed. Intestine, kidney and 
liver samples were collected for pathological examination. 
Feces were collected from the rats for gut microbiota assess‑
ment. The results indicated that short‑term high glucose 
induced hyperglycemia that lasted for at least 2 weeks after 
cessation of high glucose intake. Short‑term high glucose also 
clearly increased the serum levels of IL‑6 and TNF‑α, led to 
jejunum mucosa injury and obvious steatosis in hepatocytes, 
and disturbed the balance of the gut microbiota. OHG led to 
swelling and necrosis of individual intestinal villi. IHG led 
to the necrosis and disappearance of cells in the upper layer 
of the intestinal mucosa. The lesions were confined to the 
mucosa. A degree of glomerular cell swelling and apoptosis 
were also observed. Short‑term high glucose intake induced 
lesions in the liver, kidney and intestine, disturbed the balance 
of the gut microbiota and may consequently induce diabetes 
complications.

Introduction

The incidence of type 2 diabetes mellitus (T2DM) is rapidly 
increasing worldwide, which is linked to higher medical 
costs (1,2). Some progress has been made in treatments for 
diabetes but their effect is not always sustained and their 
use may be associated with undesirable side effects, such 
as hypoglycemia. Insufficient blood glucose control leads 
to complications and early mortality. The complications 
of diabetes, such as cardiovascular disease, nephropathy, 
neuropathy and liver damage, occur shortly after the onset of 
T2DM (3). Clinical experiments have confirmed the ‘legacy 
effect’ or ‘metabolic memory’ of prior glycemic control. The 
long‑term cardiovascular benefits of good glycemic control 
early in the course of diabetes is receiving increasing atten‑
tion (4,5). Increasing evidence suggests that numerous patients 
with T2DM can follow a non‑albuminuric pathway to renal 
function loss, even after accounting for the use of renopro‑
tective agents (6,7). It is important to clarify the association 
between high glucose intake and the formation of diabetes. 
Hyperglycemia is critical in the genesis of diabetic complica‑
tions. Poor glycemic control is an independent predictor of 
the development and progression of diabetic complications. 
The tight control of glucose concentration is determined by 
glucose absorption from the intestine, glucose production by 
the liver and glucose uptake from the plasma (8). Patients 
with T2DM are prone to developing nonalcoholic fatty liver 
disease (NAFLD), and NAFLD itself is associated with a risk 
of T2DM. It has been revealed that a number of patients with 
chronic liver disease have an abnormal glucose metabolism, 
which ultimately leads to impaired glucose tolerance and the 
development of diabetes. The pathogenesis of impaired glucose 
metabolism during chronic liver disease has yet to be fully 
elucidated. The potential of targeting the liver to normalize 
blood glucose levels has not been fully exploited (9‑11). The 
molecular mechanisms controlling hepatic gluconeogenesis 
and glycogen storage are not very clear, deeming further 
clinical and experimental studies necessary. The time it takes 
for high glucose to induce liver lesions needs to be determined.

The gut microbiota is a large and complex microbial 
ecosystem that maintains the homeostasis of the body and 
environment. The microbiota consumes carbohydrates that are 
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not easily digested by the body. The human gut microbiome 
is a promising target for managing T2DM. Short‑chain fatty 
acids (SCFAs) are produced through the fermentation of 
dietary fiber by the gut microbiota and are beneficial to the 
health of the body. Insufficient production of SCFAs is associ‑
ated with T2DM (12,13). This indicates that intestinal mucosa 
and gut microbiota play an important role in glycemic control. 
However, the changes that occur in the intestinal mucosa and 
gut microbiota following short‑term high glucose intake are 
not clear.

Sugar consumption is regarded as a major risk for the 
development of obesity. Diets enriched in sugars including the 
intake of sugar‑sweetened beverages have been consistently 
linked to the increased risk of obesity, T2DM, and cardiovas‑
cular disease. Dietary glucose has been revealed to increase 
serum glucose and insulin concentrations in the postprandial 
state. Studies in experimental animals and in humans have 
demonstrated that chronic elevation in the plasma glucose 
concentration impairs insulin action. Chronic hyperglycemia 
causes insulin resistance, but the short‑term glucotoxicity and 
the underlying mechanisms are unclear (14,15).

High glucose plays a critical role in the formation and 
progression of diabetes. However, the mechanism through 
which it induces diabetes and the organ that triggers diabetes 
remain unclear. The scope of most studies is restricted to 
studying the effects of oral high glucose (OHG) or high glucose 
infusion (IHG) on only one or two organs. Therefore, the aim 
of the present study was to evaluate the different effects of 
short‑term OHG or IHG on different organs concurrently. Rats 
were fed or infused with liquid high glucose, and the effects 
on the liver, pancreas, kidneys and intestine, as well as the 
development of gut microbial dysbiosis, were analyzed.

Materials and methods

Experimental animals. The present study was performed using 
30 male specific pathogen‑free Sprague‑Dawley rats aged 
12 weeks and weighing ~200±20 g. The rats were purchased 
from the Experimental Animal Center of Guangdong Province 
[approval no. SCXK (Yue)‑2013‑0002]. All rats were raised 
under light‑controlled conditions (12‑h light/dark cycle) in a 
temperature‑ (23±2˚C) and humidity (40%)‑controlled room 
with food and water freely available.

All animal experiments were conducted in accordance 
with the guidelines of the Ethics Committee of the Guangdong 
Provincial People's Hospital (Guangzhou, China) and approved 
(approval no. KY‑D‑2019‑082‑01) by the Institutional Animal 
Care and Use Committee of Guangdong Provincial People's 
Hospital.

Experimental design. Following adaptive feeding, all rats 
were randomly divided into three groups: The normal diet 
(ND; n=10), the OHG (n=10) and the IHG (n=10) groups. 
OHG group rats were fed with 50% high glucose at a dose 
of 2.5 g/kg/day for 2 weeks. The IHG group rats were treated 
with 50% high glucose via tail vein injection at a dose of 
2 g/kg/day for 2 weeks. The ND group received an equivalent 
amount of saline orally for the same period. During the experi‑
ment, all rats received the same standard chow. Fasting blood 
sugar (FBS) levels were measured in all animals weekly using 

a glucometer (Abbott Diabetes Care). Finally, all rats were 
sacrificed by cervical dislocation following anesthesia with an 
intraperitoneal injection of sodium pentobarbital (45 mg/kg; 
MilliporeSigma) to reduce pain. The following samples were 
collected from the rats: Feces were collected individually for 
at least 3 days for each animal. Blood samples were collected 
via the abdominal aorta (4 ml) for biochemical assays after 
anesthesia with an intraperitoneal injection of sodium 
pentobarbital. Intestine and liver samples were also collected.

Weight of rats. The weight of the rats was measured at different 
time‑points (days 1, 8, 16, 24 and 32), to determine the effect of 
high glucose on the ND, OHG and IHG groups.

Changes in blood glucose levels. In order to compare the effects 
of IHG and OHG on blood glucose levels, FBS levels were 
measured on days 0 (prior to glucose intake), 18, 24 and 32.

Detection of cytokines and chemokines. ELISA kits were 
used to measure the serum levels of pro‑inflammatory cyto‑
kines interleukin (IL)‑6 (cat. no. ERA31RB), tumor necrosis 
factor (TNF)‑α (cat. no. BMS622), blood insulin (BI) (cat. 
no. ERINS; all from Invitrogen; Thermo Fisher Scientific, 
Inc.) and 24‑h microalbuminuria (cat. no. BJ003256; Shanghai 
Bangjing Industrial Co., Ltd.) according to the manufacturer's 
instructions. The blood glutamic pyruvic transaminase (ALT; 
cat. no. BC1555) and glutamic oxalic transaminase (AST; 
cat. no. BC1565; both from Beijing Solarbio Science & 
Technology Co., Ltd.) levels were determined using standard 
enzymatic kits.

Histopathological examinations. The jejunum was removed, 
divided longitudinally, and washed. The intestine, liver, kidney 
and pancreatic sections (4 mm) were fixed in 10% formalin 
for 2 h at 25˚C, embedded in paraffin and stained with hema‑
toxylin and eosin for 3 min at 25˚C. Oil Red O staining for 
5 min at 25˚C was performed on frozen sections (2 mm) fixed 
in 4% paraformaldehyde for 6 h at 25˚C and sucrose‑protected. 
For the comparison of histological differences, three sections 
were blindly selected per sample from each rat and quantified 
using ImageJ software (version 1.6.0; National Insitutes of 
Health). Kidney sections (2 mm) were fixed in 2.5% neutral 
glutaraldehyde (cat. no. A17876; Alfa Aesar; Thermo Fisher 
Scientific, Inc.) for 3 h at 4˚C, stained with 2% uranyl acetate 
(cat. no. 22400; Electron Microscopy Sciences) for 30 min at 
25˚C, for assessment using transmission electron microscopy 
(JEM‑1400 PLUS; Japan Electron Optics Laboratory Co., Ltd.).

Western blotting. In order to detect changes in renal cells, the 
levels of gasdermin D (GSMD), NLR family pyrin domain 
containing 3 (NLRP3) and caspase‑1 protein were assessed 
to determine whether apoptosis occurred in renal cells. 
Western blotting was performed on total protein extracts from 
rat kidneys (n=3 per group). Lysis buffer (cat. no. ab270054, 
Abcam) was used for protein extraction. BCA protein assay was 
used for protein determination. A total of 50 µg protein/lane 
was separated on 13.5% SDS‑PAGE gel and transferred onto a 
PVDF membrane for 1 h at 100V. Subsequently, 10X Blocking 
Buffer (cat. no. ab126587; Abcam) was used to block the 
membrane to prevent non‑specific background binding of the 
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primary and secondary antibodies to the membrane at 25˚C 
for 1 h. The blots were immunoprobed with anti‑GSMD (dilu‑
tion, 1:500; cat. no. 219800), anti‑caspase‑1 (dilution, 1:500; 
cat. no. ab138483), and mouse anti‑NLRP3 (dilution, 1:1,000; 
cat. no. ab263899; all from Abcam) and rabbit anti‑GAPDH 
(dilution, 1:1,000; cat. no. 25778; Santa Cruz Biotechnology, 
Inc.) antibodies, incubated at 25˚C for 1 h. Pierce ECL 
Western Blotting Substrate (cat. no. 32106; Thermo Fisher 
Scientific, Inc.) was used for the detection of the anti‑rabbitt 
HRP‑conjugated secondary antibody (dilution, 1:500; cat. 
no. AC2114; Azure Biosystems) at 25˚C for 2 h. Films were 
scanned using the RICOH scanner (600 dpi and grey scale) 
and analyzed with ImageJ software (version 1.6.0; National 
Institutes of Health).

Gut microbiota analysis.
DNA extraction and PCR amplification. Microbial DNA was 
extracted from the feces of rats using the HiPure Soil DNA 
Kits (cat. no. D3143‑03; Shanghai Maige Biotechnology Co., 
Ltd.), according to the manufacturer's instructions. As the 
most popular method used for 16S assessment, the 16S rDNA 
V4 region of the ribosomal RNA gene was amplified using 
PCR (95˚C for 2 min, followed by 27 cycles at 98˚C for 10 sec, 
62˚C for 30 sec and 68˚C for 30 sec, followed by a final exten‑
sion at 68˚C for 10 min). The following primers were used: 
341F CCTACGGGAGGCAGCAG, 806R GGA CTA CHV 
GGG TWT CTA AT, 515F GTG YCA GCM GCC GCG GTA A, 
806R GGA CTA CHV GGG TWT CTA AT. Arch519F, CAG 
CTG CCG CGG TAA and Arch915R, GTG CTC CCC CGC 
CAA TTC CT were used as a supplement, where the barcode 
is an 8‑base sequence unique to each sample. PCR reactions 
were performed in triplicate in 50 µl mixture containing 5 µl 
of 10X KOD Buffer, 5 µl of 2.5 mM dNTPs, 1.5 µl of each 
primer (5 µM), 1 µl KOD Polymerase, and 100 ng template 
DNA. Amplicons were extracted from 2% agarose gels and 
purified using the AxyPrep DNA Gel Extraction Kit (Corning, 
Inc.), according to the manufacturer's instructions, and quanti‑
fied using ABI StepOnePlus Real‑Time PCR System (Thermo 
Fisher Scientific, Inc.). Purified amplicons were pooled in 
equimolar and paired‑end sequenced (2x250) on an Illumina 
platform according to the manufacturer's instructions. The raw 
reads were deposited into the NCBI Sequence Read Archive 
database (accession no. PRJNA884142; ID:884142).

Bioinformatics analysis. Raw data were further filtered 
using FASTP (https://github.com/OpenGene/fastp) as 
follows: i) Removing reads containing >10% of unknown 
nucleotides (N); ii) Removing reads containing <80% of 
bases with quality (Q‑value) >20. Paired end clean reads 
were merged as raw tags using FLASH (version 1.2.11; 
http://ccb.jhu.edu/software/FLASH/index.shtml) with a 
minimum overlap of 10 bp and mismatch error rates of 2%. 
Noisy sequences of raw tags were filtered using QIIME 
(version 1.9.1; http://www.wernerlab.org/software/macqiime) 
under specific filtering conditions to obtain the high‑quality 
clean tags. Clean tags were searched against the reference 
database (http://drive5.com/uchime/uchime_download.
html) to perform reference‑based chimera checking using 
UCHIME algorithm (http://www.drive5.com/usearch/
manual/uchime_algo.html). All chimeric tags were removed 

and the effective tags that were finally obtained were used 
for further analysis. The effective tags were clustered into 
operational taxonomic units (OTUs) of ≥97% similarity using 
UPARSE (https://ext.dcloud.net.cn/). The tag sequence with 
highest abundance was selected as a representative sequence 
within each cluster. Venn analysis between groups was 
performed in the R project (version 3.4.1; http://ruanfujia.
com/vendor/3191173) to identify unique and common OTUs. 
The representative sequences were classified into organisms 
using RDP classifier (version 2.2), a naive Bayesian model, 
on the SILVA database (https://www.arb‑silva.de/), with 
the confidence threshold values ranging from 0.8 to 1. The 
abundance statistics of each taxonomy were visualized using 
Krona (version 2.6; https://github.com/marbl/Krona/wiki). 
Biomarker features in each group were screened by Metastats 
(version 20090414; http://www.mothur.org/wiki/Metastats) 
and LEfSe software (version 1.0; http://cloud.magigene.
com. Chao1, Simpson and all other alpha diversity indices 
were calculated in QIIME. OTU rarefaction curve and rank 

Figure 1. Weight change of rats. The weights of rats in the OHG and IHG 
groups were lower than those in the ND group. Data are presented as the 
mean ± SD; n=10. *P<0.05 and ***P<0.01, the OHG group vs. the ND group; 
##P<0.01 and ###P<0.01, the IHG group vs. the ND group. No obvious differ‑
ences were identified between OHG intake and IHG. OHG, oral high glucose; 
IHG, high glucose infusion; ND, normal diet.

Figure 2. Change of blood glucose. The blood glucose levels of rats in 
the OHG and IHG groups were significantly higher than those in rats of 
the ND group until 14 days after ceasing glucose intake. No differences 
were identified between OHG intake and IHG. ***P<0.01, the OHG group vs. 
the ND group; ###P<0.01, the IHG group vs. the ND group. OHG, oral high 
glucose intake; IHG, high glucose infusion; ND, normal diet.
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abundance curves were plotted in QIIME. Alpha index 
comparison between groups was calculated via Welch's 
t‑test and Wilcoxon rank test in the R project. Alpha index 
comparison among groups was computed by Tukey's HSD 
test and Kruskal‑Wallis H test in the R project. Weighted 
and unweighted unifrac distance matrices were generated 
by QIIME. Multivariate statistical techniques, including 
principal component analysis, principal coordinates analysis 
and non‑metric multi‑dimensional scaling of unweighted 
nifrac distances were calculated and plotted in the R project. 
Statistical analysis of Welch's t‑test, Wilcoxon rank test, 
Tukey's HSD test, Kruskal‑Wallis H test, Adonis (also 
called Permanova) and Anosim test was calculated using the 
R project. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis of the OTUs was conducted using 
Tax4Fun (version 1.0; http://tax4fun.gobics.de/).

Statistical analysis. All the experiments were independently 
performed more than three times. The data are expressed 
as the mean ± standard deviation. Statistical analysis was 
performed using SPSS 21.0 (IBM, Corp.). Statistical differ‑
ences were determined using a one‑way ANOVA with Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Weight of rats. To compare the effect of a IHG and OHG on 
the weight of rats, their weight was measured on days 1, 8, 16, 
24 and 32. The weight of the rats in the OHG and IHG groups 
was lower than that in the ND group (Fig. 1). Loss of appetite 
caused by high blood glucose and damage of intestinal mucosa 
may be the reasons for the recorded weight loss. However, the 
exact reasons warrant further study.

Biochemical observations. In order to compare the influ‑
ence of IHG and OHG on blood glucose levels, FBS levels 
were measured at days 0 (prior to glucose intake), 18 24 
and 30. Both OHG and IHG significantly increased blood 
glucose levels. Blood glucose was slowly decreased 7 days 
after ceasing glucose intake in both groups. The blood 
glucose levels in both groups of rats were higher than that 
in rats with a ND until 14 days after ceasing high glucose 
intake. There was no difference between the OHG and IHG 
groups (Fig. 2).

At the end of high glucose intake, the serum levels of 
inflammatory cytokines IL‑6 and TNF‑α were measured to 
evaluate the level of inflammation in rats. The serum levels of 
IL‑6 and TNF‑α were markedly increased in both the OHG 
and IHG groups. However, the increase was slightly more in 
the IHG group than in the OHG group (Table I).

The blood insulin, blood ALT and AST levels, as well as 
urinary protein content, were assessed to detect the function of 
the pancreas, liver and kidneys. No obvious differences were 
identified among the three groups (Table II). In addition, no 
urinary protein was detected (data not shown).

Histopathological observations. Hepatic fat accumulation was 
investigated 14 days after ceasing high glucose intake. Both 
OHG and IHG induced obvious steatosis in the livers of rats. A 

large number of hepatocytes were injured. A large amount of 
white fat could be observed in the sections of the OHG and the 
IHG groups, which was due to liver cell lipolysis. No differences 
between the OHG and IHG groups were identified (Fig. 3).

Jejunum mucosae were collected from rats for pathological 
assessment. Both OHG and IHG induced jejunum mucosa 
injury. In the jejunum tissue, there was no obvious lesion in the 
intestinal mucosa of the ND group. In the OHG group, a small 
amount of intestinal mucosal villi had atrophied, villi epithelial 
cells were damaged, individual villi had swelled and died, and 
epidermal epithelial cells had disappeared. In the IHG group, 
intestinal mucosal villi had atrophied. In addition, a large 
number of cells in the upper intestinal mucosa were necrotic, and 
the normal structure of the villi had disappeared, but the lesions 
were limited to the mucosal layer. The results revealed that high 
glucose or IHG for 2 weeks causes jejunum lesions (Fig. 4).

Following observation under an optical microscope, no 
obvious pathological lesions were identified in the kidney and 
pancreatic tissues of the rats (Fig. 5). Following transmission elec‑
tron microscopy, however, a degree of glomerular cell swelling 
was identified, the internal structure of mitochondria was found 
to be empty and mitochondria were disintegrated (Fig. 6).

Glomerular cell apoptosis. Since the kidney is one of the 
targets of glycotoxins, the kidney was examined for patholog‑
ical lesions; no obvious lesions were identified (Fig. 5). One of 
the objectives of the present study was to clarify whether high 
glucose induces renal cell damage. Apoptosis is a common 
type of cell death (16). GSMD, caspase‑1 and NLRP3 were 

Table II. Assessment of BI, ALT and AST.

Groups (n=10) BI (U/l) ALT (U/l) AST (U/l)

OHG  22.3±5.16a 45.28±3.95a 123.45±5.42a

IHG  22.8±4.42a,b 46.28±4.1a,b 124.33±5.26a,b

ND 21.9±4.24 45.85±4.46 123.98±6.12

aP>0.05 compared with the ND group; and bP>0.05 compared with 
the OHG group. There were no significant differences between three 
groups. BI, blood insulin; ALT, glutamic pyruvic transaminase; AST, 
glutamic oxalic transaminase; OHG, oral high glucose; IHG, high 
glucose infusion, ND, normal diet.

Table I. Expression levels of cytokines, IL‑6 and TNF‑α, in 
the blood.

Groups (n=10) IL‑6 (pg/ml) TNF‑α (pg/ml)

OHG  122±11.16a 295.28±36.95a

IHG  127.8±16.42a,b 300.28±30.1a,b

ND 89.49±18.24 245.85±34.46

aP<0.01 compared with the ND group; and bP<0.05 compared with 
the OHG group. Compared with the ND group, the blood IL‑6 and 
TNF‑α levels of rats significantly increased after 2 weeks of OHG 
and IHG. IL, interleukin; TNF, tumor necrosis factor; OHG, oral high 
glucose; IHG, high glucose infusion, ND, normal diet.
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Figure 3. Damage of glucose in the liver. The normal diet group, oral high‑glucose intake group and high glucose infusion groups are presented. Both oral high 
glucose and high glucose infusion led to steatosis in the livers of rats. Magnification, x200.

Figure 4. Damage of high glucose to intestinal mucosa. Oral high glucose led to swelling and necrosis of individual intestinal villi and some epithelial cells 
disappeared. High glucose infusion led to necrosis and the disappearance of cells in the upper layer of the intestinal mucosa. The lesions were confined to the 
mucosa. Magnification, x200.

Figure 5. Pathological changes of the kidneys and pancreas. There were no obvious pathological changes in the kidneys and pancreas of rats. Compared to the 
ND group there were no obvious pathological changes in the kidneys and pancreas of the OHG and IHG groups. Magnification, x200.

Figure 6. Results of transmission electron microscopy. High glucose induced glomerular cell swelling. The internal structure of mitochondria became empty 
and mitochondria disintegrated. Magnification, x5,000.
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assessed to confirm the apoptosis of renal cells. The expres‑
sion levels of GSMD, caspase‑1 and NLRP3 were increased in 
the kidney (Fig. 7). This indicated that glomerular cells were 
damaged to a certain extent.

Changes in the gut microbiota. To elucidate the mechanism 
of the effect of high glucose, the impact of high glucose on 
the gut microbiota was investigated in SD rats. 16S rDNA 
sequencing was used to assess changes in the fecal microbiota 
of OHG and IHG rats. The dominant floras in the rat intestines 
were Akkermansiaceae, Lactobacillaceae, Muribaculaceae, 
Ruminococcaceae, Peptostreptococcacea, Clostridiaceae_1; 
these accounted for 60% of the gut microbiota in SD rats. Rats 
in the two groups lost gut microbial diversity. It was character‑
ized by a lower proportion of Akkermansiaceae and a markedly 
increased proportion of Lactobacillaceae, Muribaculaceae, 
Ruminococcaceae, Peptostreptococcacea.

Compared with the ND group, the abundance of 
Akkermansiaceae was decreased in the OHG group, while 
that of Lactobacillaceae, Muribaculaceae, Ruminococcaceae 
and Clostridiaceae_1 was increased in the OHG group. 
The abundance of Akkermansiaceae and Clostridiaceae_1 
was decreased in the IHG group. The abundance of 
Lactobacillaceae and Muribaculaceae was increased in the 
IHG group (Figs. 8‑10).

Discussion

Sugar consumption is regarded as a major risk for the devel‑
opment of obesity and diabetes. Prediabetes or intermediate 
hyperglycemia is a high‑risk state for developing T2DM (17,18). 

The effects of OHG and IHG on blood glucose were compared, 
and it was revealed that both markedly increased blood glucose. 
In addition, both also led to persistent hyperglycemia that 
lasted two weeks. Notably, it was demonstrated that both OHG 
and IHG caused weight loss in rats. These results confirmed 
that sugar is a critical cause of diabetes.

Inflammation is divided into two complementary subsys‑
tems: The innate immune system and the highly adaptive 
immune system. An increasing number of studies has indi‑
cated that diabetes is a type of inflammation (19,20). It is now 
accepted that obesity‑associated chronic low‑grade systemic 
inflammation is a major underlying factor for the development 
of several metabolic diseases (21). The present results indi‑
cated that only 2 weeks of OHG or IHG induced inflammation 
in rats.

Clinical and pathophysiological studies have shown that 
T2DM is a condition mainly caused by excess fat accumu‑
lation in the liver and pancreas. Excess fat worsens hepatic 
responsiveness to insulin, leading to increased glucose 
production. The removal of excess fat from the liver through 
substantial weight loss can normalize hepatic insulin respon‑
siveness (22,23). Negative energy balance in T2DM causes 
a marked decrease in liver fat content, which results in the 
normalization of hepatic insulin sensitivity within 7 days. As 
the period of negative energy balance extends, liver fat levels 
decrease to the normal range and the rate of export of triacyl‑
glycerols from the liver also decreases (24).

The primary care‑based Diabetes Remission Clinical 
Trial revealed that 46% of patients with T2DM could achieve 
remission, which was mediated by weight loss, at 12 months, 
and 36% at 24 months (25,26). Glucotoxicity and lipotoxicity 
are key factors of T2DM, but their molecular nature during 

Figure 7. Renal apoptosis. The expression levels of caspase‑1, NLRP3 and GSMD in the kidneys of rats was increased. From left to right: the OHG group, 
the ND group, the IHG group and β‑actin. NLRP3, NLR family pyrin domain containing 3; GSMD, gasdermin D; OHG, oral high glucose; ND, normal diet; 
IHG, high glucose infusion.

Figure 8. Weighted UniFrac heat map. Gut microbiota was altered after high 
glucose intake.

Figure 9. Relative abundance of gut microbiota.
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the early stages of the disease remains to be elucidated (27). 
The present study indicated that both OHG and IHG induced 
obvious steatosis in the livers of rats in just 2 weeks. However, 
there were no obvious lesions in the kidney and pancreas. The 
liver may be the first organ to be damaged by high glucose. 
Further study is required to determine whether the liver is the 
trigger of diabetes.

The intestinal epithelium is characterized by a remarkable 
self‑renewal ability. The crypt base columnar cells marked by 
Lgr5 represent the actively proliferating stem cells that mediate 
the daily renewal of the intestinal epithelium. The constant 
renewal cycle takes place in a hostile environment charac‑
terized by the presence of bacterial toxins and metabolites, 
dietary antigens and mutagens, as well as immunological cyto‑
kines and oxidative stress. The intestine has been implicated 
as a key organ that critically contributes to the development of 
obesity‑associated chronic inflammation and systemic insulin 
resistance, as well as metabolic dysregulation (28,29). Glucose 
directly stimulates intestinal epithelial cells (27). The results 
of the present study indicated that both OHG and IHG led to 
jejunum mucosal injury. The damage from OHG was more 
serious than that of IHG. It influenced the villi and mucosa 

at the same time, which may have been the result of direct 
contact between mucosa and high glucose.

The gastrointestinal (GI) tract is a highly complex organ 
composed of the intestinal epithelium layer, intestinal micro‑
biota and local immune system. The gut microbiota is one of 
the most diverse communities. It constantly interacts with 
the cells and systems of the body. Distinct proportions of the 
intestinal microbiota are contained in different sections of 
the GI tract (30‑32). Gut microbiota and its metabolites play 
pivotal roles in host physiology and pathology. Diet is one 
of the various factors influencing the microbiota. Intestinal 
microbiota modulate metabolism and are closely associated 
with epithelial cells in the intestine (33,34). The intestinal 
microbiota converts ingested nutrients into metabolites that 
target either the intestinal microbiota population or host cells. 
As metabolites of intestinal microbiota, SCFAs are a major 
energy source for intestinal epithelial cells in the colon and 
reinforce the intestinal barrier function through multiple 
mechanisms. SCFAs can reduce inflammation and protect the 
kidneys (35). However, lipopolysaccharides (LPS) are mainly 
derived from microbiota and induce inflammation and injury in 
the kidneys, heart, cerebrovascular as well as other organs (28). 

Figure 10. Circos plot of gut microbiota. Gut microbiota was altered after high glucose intake.
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A vast number of studies have demonstrated that the gut 
microbiota and their metabolites play an important role in the 
pathogenesis of T2DM. Accumulating evidence suggests that 
SCFAs regulate inflammation, energy metabolism and blood 
pressure, which affects kidney function through the gut‑kidney 
axis (36,37). The present study indicated that rats treated 
with high glucose lost gut microbial diversity in 2 weeks. Gut 
microbiota was characterized by a decreased proportion of 
Akkermansiaceae and a markedly increased proportion of 
Lactobacillaceae, Muribaculaceae, Ruminococcaceae and 
Peptostreptococcacea. As compared with the ND group, the 
abundance of Akkermansiaceae decreased in the OHG group, 
and the abundance of Lactobacillaceae, Muribaculaceae, 
Ruminococcaceae and Clostridiaceae_1 increased. The abun‑
dance of Akkermansiaceae and Clostridiaceae_1 decreased, 
while the abundance of Lactobacillaceae and Muribaculaceae 
increased in the IHG group. A decrease in Akkermansiaceae was 
revealed to be closely associated with obesity and diabetes (38).

Diabetic nephropathy (DN) is the leading cause of end‑stage 
renal disease worldwide. Chronic hyperglycemia is the main risk 
factor for the development of DN (39,40). However, the time of 
DN onset remains unclear and clinical studies have yet to provide 
a conclusive answer. In the present study, no obvious pathological 
lesions were identified in the kidney tissues of the rats. However, 
glomerular cell swelling and mitochondria disintegration were 
identified, using transmission electron microscopy, after 2 weeks 
of high glucose intake. Apoptosis of glomerular cells was 
increased to a certain degree in the present study. This suggests 
that formation of glycotoxins in renal cells occurred quickly, 
however, further research is required to confirm this.

Low‑grade inflammation affects the pathogenesis of the 
metabolic syndrome and T2DM. Chronic inflammation is consid‑
ered to be one of the key factors of atherosclerosis development 
and is present from the earliest stages of pathology initiation. 
Hyperglycemia increases the magnitude and duration of systemic 
inflammatory responses, which promotes the development of 
T2DM and cardiovascular disease (41). Inflammation leads to 
cell apoptosis and oxidative DNA damage of the heart, liver and 
kidneys (42). Inflammation in the progression of steatohepatitis 
is a complex response to microbial dysbiosis, loss of barrier 
integrity in the intestine, hepatocellular stress and death, as well 
as inter‑organ crosstalk. In response to chronic, heavy alcohol 
exposure, hepatocytes express a large number of chemokines and 
inflammatory mediators and can also release damage‑associated 
molecular patterns during injury and death (43). Disruption of 
the intestinal epithelial barrier and gut vascular barrier are early 
events in the development of NASH (44). The present results 
indicated that short‑term high glucose increased the systemic 
inflammatory responses of rats. The association between organ 
damage and preinflammation warrants further research.

There were some limitations in the present study. First, the 
dose‑dependent effect of high glucose was not evaluated. Second, 
insulin sensitivity was not assessed. In addition, the reason why 
high blood glucose induced weight loss warrants further research.

In conclusion, in the present study it was revealed that 
high glucose may induce lesions in the liver and intestinal 
epithelium, disturb the balance of the gut microbiota and 
consequently induce inflammation. Glomerular cells were 
revealed to be damaged, however, no obvious pathological 
lesions were identified in the kidney tissues of the rats.
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