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Purpose: Chronic low-grade inflammation is detected in obese and diabetic individuals. 
Tetracyclines, used as antibiotics for years, have been demonstrated to have diverse non- 
bactericidal effects, including anti-tumor and anti-inflammatory activities. This study aimed 
to investigate whether doxycycline at sub-antimicrobial concentrations could improve gly-
cemic control in mice fed a high-fat diet, through its anti-inflammatory activities.
Methods: C57BL/6J mice were fed with a high-fat diet to induce diabetic and obese 
conditions. Three sub-antimicrobial dosages of doxycycline (200, 20, and 2 μg/mL) were 
added to drinking water for 23 weeks during the housing phase.
Results: Doxycycline at 200 μg/mL tended to increase body weight, islet mass, and the 
percentage of large islets (diameter >350 μm). At 20 μg/mL, doxycycline significantly 
improved glucose tolerance and decreased fasting blood glucose. At 2 μg/mL, doxycycline 
increased the percentage of small islets (diameter <80 μm). Serum C-reactive protein and 
lipopolysaccharide levels significantly decreased while the beta-cell ratio increased in all 
doxycycline-administered mice.
Conclusion: Our results suggest that doxycycline, even at an extremely low dose, could 
improve glycemic control and islet morphology via its anti-inflammatory activities.
Keywords: doxycycline, inflammation, T2DM, diabetes, glucose metabolism

Introduction
The popularity of the Western diet, characterized by an excessive intake of refined 
sugars, salt, and saturated fat, increases the population of people with obesity and 
type 2 diabetes (T2DM). Patients who have disorders of lipid and sugar metabolism 
have a condition called chronic low-grade inflammation.1 Proinflammatory mediators 
released from obese adipose tissue trigger the inflammatory reaction in insulin target 
organs (liver, muscles, adipose tissue, etc), leading to the development of insulin 
resistance.2 Inflammatory cells gradually infiltrate the pancreatic islets, causing beta- 
cell dysfunction and apoptosis, and eventually resulting in an absolute lack of 
insulin.3,4 Anti-inflammatory drugs may have huge potential for T2DM therapy.

Tetracyclines, which have been used as antibiotics for years, have been demon-
strated to have diverse non-bactericidal effects such as anti-tumor and anti- 
inflammatory activities.5,6 Tetracyclines can suppress matrix metalloproteinase 
(MMPs) and proinflammatory cytokines,7 and have been extensively investigated 
in cardiovascular and neurological disorders.8,9 Doxycycline is one of the most 
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widely used tetracyclines today. Our previous study 
showed that low-dose doxycycline decreased systemic 
inflammation and improved glycemic control, lipid pro-
files, and islet morphology in db/db mice.10 In this study, 
to overcome the concern of causing antibiotic resistance, 
doxycycline in three sub-antimicrobial dosages was added 
to drinking water and provided to 6-week-old male 
C57BL/6J mice for 23 weeks. Mice fed a high-fat diet 
(HFD) developed diet-induced obesity (DIO) and hyper-
glycemia, and were used as a model for T2DM. The 
results suggested that long-term administration of sub- 
antimicrobial doxycycline could be a novel therapeutic 
strategy for T2DM treatment.

Methods
Animals and Housing
Three- to four-week-old male C57BL/6J mice were 
obtained from Beijing HFK Bioscience (China) and 
housed in an air-conditioned animal facility. After 3 
weeks’ adaptation, mice were weighed then randomly 
divided into four HFD-treated groups (Control, DC2, 
DC20, and DC200, representing 0, 2, 20, and 200 μg/mL 
doxycycline in drinking water, respectively) and one nor-
mal control group (NC). NC was set as a healthy group 
aiming to evaluate whether and when the obese and dia-
betic conditions had been induced successfully. Each 
experimental group contained 15 mice and each control 
group contained nine mice. Three mice were in one cage. 
The above doxycycline concentrations were chosen based 
on previous studies.11 All mice had free access to water, 
and HFD-treated groups were fed ad libitum with a 60 kcal 
% high-fat diet (Research Diets, D12495). Doxycycline 
was added to drinking water and the water bottles were 
protected from light. The normal control group (NC) was 
fed ad libitum with a 10 kcal% regular diet (HFK 
Bioscience, H10010) and drank regular water.

The housing phase lasted for 23 weeks. Weights were 
recorded every week. At the 19th week, body weights of the 
HFD-treated groups were 20% higher than those in NC, 
indicating that the obesity model had been successfully 
built. Between 20 and 23 weeks, mice were fasted for 
hours to measure blood glucose and perform intraperitoneal 
glucose and insulin tolerance tests (IPGTT and IPITT). For 
this reason, food and water consumption was measured 
every 3 days until 19 weeks. All study methods and proce-
dures were approved by and performed in strict accordance 

with the relevant regulations and guidelines of the Animal 
Care and Use Committee of Shantou University.

Blood and Tissue Collection
At the end of the experiment, mice were anesthetized by 
intraperitoneal injection of pentobarbital (100 mg/kg body 
weight). Sera were separated, then stored at –80°C before 
use. Pancreases were fixed with 4% paraformaldehyde for 
H&E staining. Lee’s 
index=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Body Weight gð Þ � 103=Body Length cmð Þ
3
q

. 
Epididymal and peritoneal fat was harvested and weighed.

Serum Biochemical and Inflammatory 
Parameters
Serum glucose was measured using an automatic Unicel 
DxC 800 Chemistry Analyzer (Beckman Coulter, Brea, 
CA) in the First Affiliated Hospital of Shantou 
University. Serum C-reactive protein (CRP; Lanpai 
Biotechnology, Shanghai) and lipopolysaccharide (LPS; 
Luao Biotechnology, Shanghai) were measured by 
enzyme-linked immunosorbent assay (ELISA).

Intraperitoneal Glucose Tolerance Test 
(IPGTT) and Insulin Tolerance Test (ITT)
Blood glucose levels in the tail vein were measured using 
a Sannuo glucometer (Sannuo, China). We carried out the 
IPGTT and IPITT at the 20th and 22nd week, respectively. 
For the IPGTT, mice were fasted for 8 h and the blood 
glucose was measured at 0, 15, 30, 60, and 120 min after 
intraperitoneal injection of glucose (1 g/kg bw). For the 
ITT, mice were fasted for 6 h, then insulin (1 U/kg bw, 
from Gansulin R, Tonghua Dongbao Pharmaceutical, 
China) was injected intraperitoneally, and blood glucose 
was measured at 0, 15, 30, 60, and 120 min.

Determination of Islet Mass and Size
Islet mass and size were evaluated by the previously 
reported morphometric method, based on H&E 
staining.12 We randomly chose five mice per group. In 
brief, each paraffin block of the pancreas was sectioned 
consecutively at 5 μm thickness. About 30 slides (each 
separated by 100 μm) from each pancreas were chosen for 
H&E staining. Pancreas images were captured under 
a microscope. To determine the area on images, islets 
were picked out manually with tools in Image-Pro Plus 
6.0. Islet numbers and islet size were counted on each 
slide.
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Immunofluorescence Staining (IF) of the 
Pancreas
Sections were incubated with goat anti-insulin (sc-7839; 
Santa Cruz, Santa Cruz, CA) at 4°C overnight, then incu-
bated with cy3-conjugated donkey anti-goat (A0502; 
Beyotime, China) at 37°C for 2 h. The nucleus was stained 
with Hoechst 33342 (B8040; Solarbio, China) after wash-
ing with PBS. Three sections were randomly chosen from 
each mouse in each group (about 80 islets in each group) 
for IF study. Images were captured under equal exposure 
conditions and the same magnification (20× objective 
lens), then analyzed using Image-Pro Plus 6.0 software.

Statistics
The results are shown as the mean±SEM. All statistical 
analysis was performed using ANOVO in GraphPad Prism 
8.0. Values of p<0.05 were considered significant.

Results
Doxycycline Treatment Increased Food 
Intake and Weight in HFD-Treated Mice
Food intake was monitored from 1 to 19 weeks during the 
housing phase (Figure 1A). Doxycycline administration 
tended to stimulate food intake but showed no significant 
differences compared to the control group (Figure 1B). The 
weights of NC, control, DC200, DC20, and DC2 were 
29.01, 39.96, 46.41, 40.33, and 41.32 g, respectively. The 
HFD treatment resulted in higher body weight in mice 
compared to the NC group fed standard food (Figure 1C). 
Greater food intake in the DC200 group consequently led to 
significantly increased body weights, with an average of 
46.41 g, compared to the control group of 39.96 g (Figure 
1D). Lee’s index and the weight of adipose tissue increased 
correspondingly in the DC200 group (Figure 1E and F).

Doxycycline Decreased Triglycerides in 
HFD-Treated Mice but Had No Influence 
on Other Serum Lipids
Levels of serum lipids in HFD-treated mice were signifi-
cantly higher than those in NC mice (Figure 2). The mean 
values of serum triglycerides (TG) in the doxycycline treat-
ment groups were between 0.81 and 0.87 mmol/L, compared 
to 1.04 mmol/L in the control group. However, serum levels 
of total cholesterol (TC), low-density lipoprotein (LDL), and 
high-density lipoprotein (HDL) were not affected signifi-
cantly by doxycycline treatment (Figure 2A, C and D).

Doxycycline Decreased Fasting Blood 
Glucose and Improved the Glucose 
Response in HFD-Treated Mice
Mean values of fasting blood glucose (FBG) in the NC and 
DC2 groups were 8.81 and 9.74 mmol/L, respectively, 
which were lower than in the other HFD-treated mice and 
significantly lower than 11.7 mmol/L in the control group 
(Figure 3E). The PGTT was then carried out (Figure 3A), 
and the area under the curve (AUC) of the IPGTT of the 
DC20 group was reduced by about 20% compared to that of 
the control group (Figure 3B), suggesting improved glucose 
tolerance. An insulin tolerance test (ITT) was also per-
formed (Figure 3C), and the AUC of the ITT was reduced 
in DC20/DC2 mice, but not significantly so (Figure 3D).

Doxycycline Increased Islet Number in 
HFD-Treated Mice
To determine islet number and islet mass, H&E staining of 
the pancreas was carried out (Figure 4D) Compared to the 
control group, islet number increased by about 25% in DC2 
but was not significantly affected by other doxycycline doses 
(Figure 4A). Total islet mass increased by about 35% in 
DC200 (Figure 4B). To better understand the relationship 
between islet number and islet mass, islet number was 
plotted against islet size (Figure 4C). Small islets (30–80 
μm in diameter) increased in number in DC2, while large 
islets (≥350 μm in diameter) decreased significantly. In con-
trast, the number of large islets increased significantly in 
DC200, while the number of small islets did not change.

Doxycycline Increased the Beta-Cell 
Ratio and Beta-Cell Mass
To determine the beta-cell ratio and beta-cell mass, immu-
nofluorescence staining of insulin in the pancreas was per-
formed (Figure 5C). The beta-cell ratios of DC200, DC20 
and DC2 were 79.81%, 81.64%, and 82.33%, respectively, 
which were significantly higher than those of the control 
group (73.29%) (Figure 5A). The beta-cell mass (BCM) also 
increased in all doxycycline-treated groups (Figure 5B).

Doxycycline Decreased Systemic 
Inflammation in HFD-Treated Mice
Serum levels of CRP and LPS, reflecting the extent of systemic 
inflammation, were determined by ELISA. The results showed 
that both CRP and LPS decreased significantly in the doxycy-
cline-treated group. CRP decreased from 827.41 pg/mL in the 
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control group to 701.65, 671.46, and 703.49 pg/mL, respec-
tively, in DC200, DC20, and DC2 (Figure 6A). Doxycycline 
treatment dramatically decreased the LPS levels in HFD- 
treated mice, by about 26–47% (Figure 6B).

Discussion
A previous study using db/db mice showed that 100–200 μg/ 
mL of doxycycline in drinking water resulted in a serum 
concentration of 83–144 ng/mL,10 which was a more than 

1000-fold reduction and significantly lower than the anti- 
bacterial dose of 1–3 μg/mL.13 In the present study, to further 
alleviate the concerns over causing antibiotic resistance, the 
effect of three dosages of doxycycline in sub-antimicrobial 
concentrations was further investigated in HFD-treated mice. 
If the same reduction rate is applied to this study, serum 
doxycycline could be as low as 1 ng/mL, which is 1000- 
fold lower than the bactericidal concentration. It has been 
known for a long time that antibiotics can modulate the gut 

Figure 1 Doxycycline increased food intake and body weight. (A) Food intake at weeks 1–19; (B) total food intake of mice fed HFD; (C) body weight at 1–23 weeks 
of mice fed HFD and standard food; (D) body weight at 1 and 23 weeks of mice fed HFD or standard food; (E) Lee’s 
index=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Body Weight gð Þ � 103=Body Length cmð Þ
3
q

; (F) weight of adipose tissue = peritoneal fat + epididymal fat. Compared to control: *p<0.05, **p<0.01, 
***p<0.001,****p<0.0001. n=9–15.
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microbiota,14 and long-term treatment with doxycycline and 
hydroxychloroquine in patients with Q fever endocarditis has 
been found to lower concentrations of Bacteroidetes, 
Firmicutes, Lactobacillus, and total bacteria.15 We did not 
look into the perturbation of the microbiota, but a comparison 
of doxycycline concentration used in this study and others 
would suggest a minimal influence of gut bacteria with sub- 
bactericidal doxycycline, especially at a concentration of 2 
μg/mL. Alternatively, to avoid killing gut microbiota, doxy-
cycline at a much lower concentration could be injected 
directly into the blood circulation.

Nonetheless, the results in the present study demon-
strated that doxycycline administration could increase food 
intake (Figure 1A and B). Appetite was influenced by 
doxycycline at all tested doses. This effect thus led to 

higher body weights in DC200 than in the other groups. 
Correspondingly, Lee’s index and adipose tissue weight 
turned out to be higher in the DC200 group (Figure 1E and 
F). Furthermore, doxycycline administration decreased 
blood triglyceride levels, but had no effect on total cho-
lesterol, HDL, or LDL (Figure 2). DC200 also had slightly 
higher total cholesterol, HDL, and LDL levels, showing 
again that higher doxycycline doses may have adverse 
effects on metabolism. Veterinary scientists have 
shown that adding sub-therapeutic doses of antibiotics to 
food or water results in the promotion of growth. This 
growth promotion effect was found regardless of class of 
antibiotic, mode of action, and anti-bacterial spectrum.16 

Studies on humans have also demonstrated that antibiotic 
treatment in early life can increase the likelihood of 

Figure 2 Doxycycline decreased serum lipid levels. (A) Total cholesterol (TC); (B) triglyceride (TG); (C) low-density lipoprotein (LDL); (D) high-density lipoprotein (HDL). 
Compared to control: *p<0.05, **p<0.01, ***p<0.001. n=9.
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obesity in the long term.17,18 Our study showed that the 
growth-promoting effect may be due to the increase in 
food consumption.

One striking observation of our study was that doxycy-
cline could improve the glucose response in HFD-treated 
mice. In our previous experiment in db/db and Balb/c 
mice, we observed that doxycycline treatment could sti-
mulate glucose-stimulated insulin secretion.10 In the pre-
sent study, lower blood glucose and better IPGTT response 
were found in the DC20 group (Figure 3A, B and E). The 
ITT study also showed that doxycycline tended to improve 
insulin resistance (Figure 3C and D). It should be noted 
that DC200 did not adversely affect glucose and insulin 
tolerance, probably owing to its pleiotropic effects on 
inflammation (Figure 6). It has been reported that insulin 
resistance could be the consequence of inflammation 
caused by glucotoxicity and lipotoxicity.19,20 CRP, as 
a systemic inflammatory marker, decreased after doxycy-
cline treatment (Figure 6A). Many other studies have 
confirmed the anti-inflammatory activity of 
doxycycline.5,21,22 Decreases in serum glucose and trigly-
ceride levels after doxycycline treatment may contribute to 
the decreased glucotoxicity and lipotoxicity.23 LPS 

produced by the intestinal microbiota has been shown to 
participate in the development of obesity.24,25 Doxycycline 
could also decrease serum LPS (Figure 6B). However, we 
are not sure whether doxycycline decreased LPS via the 
inhibition of gut microbiota or the reduction of epithelial 
cell permeability in the intestine. The DC200 group had 
higher LPS levels compared to DC20 and DC2, which was 
in agreement with the findings of body and adipose tissue 
weight (Figure 1).

An important observation in the present study was the 
smaller size but higher number of islets found in the DC2 
group (Figure 4). Contrary to this result, islet size 
increases after the administration of metformin or piogli-
tazone in diabetic animals.26,27 We reported previously 
that islet size increased while mitotic activity decreased 
as the animal grew older,12 suggesting that smaller islets 
might be younger in age. The finding could be in consis-
tent with a recent report that mitochondrial imbalance 
caused by doxycycline treatment could lead to longevity 
in worms and mice.28 In the DC20 group, the number of 
small islets (30–80 μm) also increased while the number of 
large islets (≥350 μm) decreased significantly. On the other 
hand, the DC200 group had a significantly increased 

Figure 3 Doxycycline decreased FBG and improved glucose tolerance. (A) Intraperitoneal glucose tolerance test (IPGTT); (B) area under the curve (AUC) of IPGTT; (C) 
insulin tolerance test (ITT); (D) AUC of ITT; (E) fasting blood glucose (FBG). Compared to control: *p<0.05, **p<0.01. n=9–15.
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Figure 4 Doxycycline improved islet morphology in HFD-treated mice. (A) Total islet number; (B) total islet mass; (C) distribution of islet size. (D) H&E staining of 
pancreases. Compared to control: *p<0.05, **p<0.01. Compared to DC200: #p<0.05, ##p<0.01. n=5.
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number of larger islets and thus dramatically higher total 
islet mass, which probably compensated for the increased 
body and adipose tissue weight. In obese and diabetic 
individuals, the expanding demand for insulin secretion 
is accommodated by the hypertrophy and proliferation of 
beta-cells, instead of neogenesis.29 Therefore, the higher 
number of large islets observed in DC200 mice was indi-
cative of beta-cell hypertrophy and proliferation. On the 

other hand, the higher number of small islets found in 
DC20 and DC2 was consistent with neogenesis of islet 
beta-cells. Moreover, doxycycline increased both the beta- 
cell ratio and beta-cell mass, although the trend was 
slightly different in each group (Figure 5). In any event, 
the results were consistent with better glucose and insulin 
tolerance in HFD-induced obese mice treated with 
doxycycline.

Figure 5 Doxycycline increased beta-cell mass in HFD-treated mice. (A) Beta-cell ratio; (B) beta-cell mass. (C) Insulin (red) and Hoechst (blue) staining of pancreases. 
Compared to control: *p<0.05, ***p<0.001. n=80.
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In conclusion, we demonstrated that doxycycline in 
extremely low doses could improve glucose tolerance 
and islet morphology in mice fed a high-fat diet. The effect 
varied between each doxycycline treatment group, prob-
ably reflecting the pleiotropic functions of doxycycline in 
different doses. However, the exact mechanism underlying 
these observations is still unclear and needs further 
investigation.
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