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Optimal LDR to Protect the Kidney From
Diabetes: Whole-Body Exposure to 25 mGy
X-rays Weekly for 8 Weeks Efficiently
Attenuates Renal Damage in Diabetic Mice
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Abstract
To explore an optimal frequency of whole-body low-dose radiation (LDR) to protect the kidney from diabetes, type 1 diabetic
mice were induced with multiple injections of low-dose streptozotocin in male C57BL/6J mice. Diabetic or age-matched normal
mice received whole-body exposure to 12.5 or 25 mGy either every other day or weekly for 4 or 8 weeks. Diabetes decreased
the urinary creatinine and increased the microalbumin in urine, renal accumulation of 3-nitrotyrosine and 4-hydroxynonenal, and
renal expression of collagen IV and fibronectin. All these renal pathological and functional changes in diabetic mice were signif-
icantly attenuated by exposure to LDR at all regimens. However, whole-body exposure of diabetic mice to 25 mGy weekly and to
12.5 mGy every other day for 8 weeks provided a better prevention of diabetic nephropathy than other LDR regimens. Fur-
thermore, whole-body exposure to 25 mGy weekly for 8 weeks showed no detectable effect on the kidney of normal mice, but
whole-body exposure to normal mice at 12.5 mGy every other day for 8 weeks increased urinary microalbumin and renal
expression of collagen IV and fibronectin. These results suggest that whole-body exposure to LDR at 25 mGy weekly is the
optimal condition of LDR to protect the kidney from diabetes.
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Introduction

Diabetes mellitus (DM) is a growing and costly public health

problem worldwide. Most patients with DM will die from dia-

betic complications, among which, diabetic nephropathy (DN)

is the most common and also the leading cause of end-stage

renal disease in developed countries.1 Although the pathogen-

esis of DN remains unclear, previous studies have disclosed

that many factors are implicated in the development of DN.

These include hyperglycemia, advanced glycation end prod-

ucts, protein kinase C, oxidative stress, and inflammation.2-6

Based on these findings, several drugs targeting these factors

have been developed potentially for the clinical application;

however, the prevention of DN remains unsatisfactory.7 Par-

ticularly, the patients at the late stage of DM with renal dys-

function are restricted for giving multiple drugs to avoid the

increase in renal drug metabolizing workload.8 Therefore, new

therapeutic, particularly noninvasive, interventions are

urgently needed for the prevention of DN at the late stage.

1 Department of Endocrinology, Tongren Hospital, Shanghai Jiao Tong

University School of Medicine, Shanghai, China
2 Department of Pediatrics, Pediatric Research Institute, the University of

Louisville, Louisville, KY, USA
3 The General Hospital of the PLA Rocket Force, Beijing, China
4 The First Hospital of Jilin University, Changchun, China
5 Department of Radiation Oncology, the University of Louisville, Louisville,

KY, USA

Received 13 January 2018; received revised 04 June 2018; accepted 12 June

2018

Corresponding Authors:

Jiuwei Cui, Cancer Center at the First Hospital of Jilin University, 71 Xinmin

Street, Changchun 130021, China.

Email: cuijw@jlu.edu.cn

Lu Cai, Pediatric Research Institute, 570 South Preston Street, Baxter I

Building, Rm: 304F, Louisville, KY 40292, USA.

Email: l0cai001@louisville.edu

Dose-Response:
An International Journal
July-September 2018:1-10
ª The Author(s) 2018
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/1559325818789843
journals.sagepub.com/home/dos

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further
permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

http://orcid.org/0000-0003-3048-1135
http://orcid.org/0000-0003-3048-1135
mailto:cuijw@jlu.edu.cn
mailto:l0cai001@louisville.edu
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1559325818789843
http://journals.sagepub.com/home/dos


Low-dose radiation (LDR) has been proved to activate var-

ious bioeffects, especially antioxidative and anti-inflammatory

effects.9-12 Therefore, LDR has been explored for its potential

treatment of diseases caused by abnormal oxidative stress and

inflammation, such as Parkinson disease and arthritic symp-

toms.13,14 Given the important roles of oxidative stress and

inflammation in the progression of DN, we have explored the

therapeutic effect of LDR on DN, showing that multiple

whole-body exposures of diabetic mice to 25 mGy X-rays

every other day significantly prevented renal dysfunction and

fibrosis via reducing DM-induced systemic inflammation and

oxidative damage.15 This finding was confirmed by Nomura

study, in which, continuous exposure of type II diabetic mice

to LDR also ameliorated DN through increasing the renal

antioxidant activity.16 These studies implied that LDR may

be a new strategy for the therapy of DN. More importantly,

LDR is a noninvasive approach for patients with diabetes.

However, obviously there are many questions needed to be

addressed before LDR therapy for diabetic complications can

be considered. For example, there is only a single fractional

dose in our previous study.15 Thus, more dose–response rela-

tionships need to be established to find an optimal dose with

the best therapeutic effect. In one of our recent studies, the

preventive effect of more fractional doses, including 12.5, 25,

and 50 mGy, was investigated using a diabetic mouse model,

which was induced by streptozocin (STZ). The STZ is is an

alkylating antineoplastic agent that is particularly toxic to the

insulin-producing b cells of the pancreas; therefore, STZ was

extensively used to induce type 1 diabetic animal models, and

STZ-induced diabetic model has early renal injury 4 weeks

after onset. We showed that exposure to LDR at 12.5 mGy

every other day for 8 weeks ameliorated DN more effectively

than the other 2 doses.17 Aside from dosage, the bioeffect of

radiation also partly depends on frequency of radiation expo-

sure (fractionation schedule).18 Therefore, a more detailed

study, including different radiation frequencies, was done in

the present study.

Our recent study showed a fractional dose of 12.5 mGy

optimally preventing DN; in the current study, therefore, the

diabetic or normal mice were irradiated to the optimal dose

(12.5 mGy) or its double dose (25 mGy) every other day or

once a week to compare their preventive effects on DN.

Materials and Methods

Animals

Ten-week-old male C57BL/6J mice from the Jilin University

Animal Center were maintained in light (12:12-h light-dark

cycle) and temperature-controlled quarters (22�C) with rodent

chow and water for �2 weeks before being used for the experi-

ments. All animal protocols were approved by the Institutional

Animal Care and Use Committee at Jilin University (2011037),

which is certified by the Chinese Association of Accreditation

of Laboratory Animal Care.

Type 1 DM

Type 1 diabetic mice were induced by multiple injections of

STZ (Sigma Chemical, St. Louis, Missouri) at 60 mg/kg daily

for 5 days. One week after the last injection, blood glucose

levels of mice were determined using a freestyle glucometer.

When fasting blood glucose of the mice was �12 mmol/L for

more than 2 weeks, mice were considered to be successful type

1 DM models for the subsequent experiments.

Low-Dose Radiation

Mice in both diabetic and age-matched control groups were

randomly divided into 2 groups with and without LDR, namely,

control, control/LDR (LDR), DM, and DM/LDR. Mice in both

LDR and DM/LDR groups were further divided into 4 groups.

Two groups were given multiple exposures of X-rays at either

12.5 or 25 mGy every other day. The remaining groups were

given multiple exposures at dose of 12.5 or 25 mGy weekly.

X-ray exposure was performed using an American PXi

(Precision X-ray) machine (X-RAD 320 X-Ray Biological

Irradiator with TouchRAD Control) with a dose rate of

12.5 mGy/min. Eight mice from each group were euthanized

at the fourth and eighth week of exposure to LDR.

Measurements for Renal Function

To collect urine samples, mice were individually placed in

metabolic cages for 24 hours prior to killing and only allowed

access to tap water. Urinary microalbumin (Malb) and creati-

nine (Cre) contents as parameters of renal function were

detected using the Mouse MAU/ALB enzyme-linked immuno-

sorbent assay (ELISA) kit and Mouse UCR ELISA kit (Boster

Biological Technology, Wuhan, China).

Histopathological Examination

Kidney tissues were fixed in 10% neutral-buffered formalin

solution, followed by paraffin embedding, and cutting into

4-mm slices. After deparaffinization by xylene and ethanol

dilutions and rehydration, sections were stained with hema-

toxylin and eosin (H&E) and Periodic acid–Schiff (PAS),

respectively. A semiquantitative assessment of the degree of

mesangial matrix expansion was performed on PAS-stained

sections. Mesangial matrix expansion, one of the important

pathological features of DN, was defined by the presence of

increased amounts of PAS-positive material in the mesangial

region. A minimum of 20 randomly selected intact glomeruli

in the 2 slides from each mouse was evaluated independently

by 2 investigators without prior knowledge of the origin of

the slides. The degree of mesangial matrix expansion was

evaluated according to the percentage of involved glomerular

area, and the scores were as follows: 0, PAS-positive materi-

als were not found in the mesangial region; 1, <25%; 2, 25%
to 50%; 3, 51% to 75%; 4, >75%. The scores obtained by the 2

investigators were averaged.
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Western Blotting

Renal tissues were homogenized in lysis buffer (1%
Triton X-100, 150 mmol/L NaCl, 50 mmol/L Tris, pH 8.0,

1 mmol/L EDTA, 10 mg/L phenylmethylsulfonyl fluoride).

Protein concentration was determined by the Bradford assay.

Equal amounts (50 mg protein/lane) of proteins were loaded

onto 12% sodium dodecyl sulfate polyacrylamide gel electro-

phoresis, electrophoresed, and transferred to polyvinyl

difluoride membranes. Membranes were blocked with a 5%
nonfat milk for 1 hour and then incubated with antimouse

antibodies (Abcam, Cambridge, Massachusetts) against 3-

nitrotyrosine (3-NT at 1:1400 dilution), 4-hydroxynonenal

(4-HNE,1:50), collagen IV (Col IV,1:500), and fibronectin

(FN,1:5000) overnight at 4�C. Membranes were washed to

remove the unbound antibodies with Tris-buffered saline (pH

7.2), containing 0.05% Tween 20 3 times and then incubated

with the appropriate secondary antibody. Antigen–antibody

complexes were visualized by electrochemiluminisence, and

the resulting image was analyzed with Bio-Rad Quantity One

(Hercules, CA).

Statistical Analysis

Experimental data were collected from multiple animals under

each experimental condition (n ¼ 8) and are presented as the

means (SD). Comparisons were performed by paired Student t

test and 1-way analysis of variance followed by Student-

Newman-Keuls q test for the different groups using statistical

software SPSS 19.0. Differences were considered to be signif-

icant at P < .05.

Results

Exposure to LDR at 25 mGy Weekly and 12.5 mGy Every
Other Day Improved DM-Induced Renal Dysfunction
More Effectively Than Other Exposure Regimens

Table 1 shows that neither 4-week nor 8-week exposure to

LDR affect blood glucose level in normal mice. However,

alhthough 4-week exposure to LDR did not, 8-week exposure

to LDR significantly reduced diabetes-increased blood glucose.

As shown in left panel of Figure 1A and Table 2, DM resulted

Figure 1. Effects of different doses and frequency of low-dose radiation (LDR) on renal function in normal and diabetic mice. Urine samples of
mice from each group were collected at the fourth and eighth week of the study, respectively. Creatinine (Cre; left panel of A) and microalbumin
(Malb; left panel of B) levels in the urine were measured by enzyme-linked immunosorbent assay. The Cre and Malb levels in the urine of different
diabetes mellitus (DM)/LDR groups were further calculated relative to DM and presented by the percentage of DM group (right panels of A and
B, respectively). “-” indicates mice without LDR (Sham group) LD: 12.5 mGy every other day; LW: 12.5 mGy every week; HD: 25 mGy every
other day; 25 mGy every week. “wk” indicates the time when the samples were collected and examined. Data are the means (SD; n¼ 8). *P < .05
versus normal mice of “-” (sham) at the same time point; #P < .05 versus diabetic mice of “-” at the same time point; aP < .05 versus LD at the
same time point; bP < .05 versus LW at the same time point; cP < .05 versus HD at the same time point.
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in a significant decrease in urinary Cre levels at both the fourth

and eighth week of the study. Exposure of normal mice to LDR

at 25 mGy every other day for either 4 weeks or 8 weeks also

slightly reduced urinary Cre levels. However, exposure to LDR

at all regimens significantly ameliorated DM-induced decease

in urinary Cre levels. In order to easily compare the effect of

different LDR regimens on DN, we calculated the percentage

of each DM/LDR group urinary Cre level relative to DM urin-

ary Cre (right panel of Figure 1A). It clearly indicates that there

was no significant difference in urinary Cre levels among DM

mice exposed to LDR for 4 weeks, while exposure to LDR at

12.5 mGy every other day or at 25 mGy weekly for 8 weeks

more effectively attenuated DM-decreased urinary Cre than

exposure to LDR at 12.5 mGy weekly for 8 weeks.

The left panel of Figure 1B and Table 3 show that urinary

Malb increased slightly in normal mice exposed to LDR at 12.5

and 25 mGy every other day, but not weekly, both for 4 weeks

and 8 weeks. Diabetes mellitus exhibited a significant time-

dependent increase in urinary Malb, which, however, were

significantly reduced by all LDR regimens at both 4 and

8 weeks. When the effect of different LDR regiments on

DM-increased Malb levels was directly compared by its per-

centage of DM group, we found that exposure to LDR at 12.5 or

25 mGy every other day for 4 weeks was more efficient in

Figure 2. Effects of different doses and frequency of low-dose radiation (LDR) on diabetes mellitus (DM)-induced renal histopathological
changes. At the fourth and eighth week of the study, renal pathology of mice from different groups was examined with light microscope by
hematoxylin and eosin (H&E; upper panel) and Periodic acid–Schiff (PAS; lower panel) staining. “Ctrl” and “DM” indicate normal and diabetic
mice, respectively. LD: 12.5 mGy every other day; LW: 12.5 mGy every week; HD: 25 mGy every other day; 25 mGy every week. Other
abbreviations were referred in Figure 1. Images are the representatives of each group with 3 fields (� 200) for each of the 8 mice at least
examined.
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attenuating DM-increased urinary Malb than the weekly course,

while exposure of diabetic mice to LDR at 12.5 mGy every other

day or 25 mGy weekly for 8 weeks was more efficient than other

exposure regimens (right panel of Figure 1B).

Evaluation of renal pathological changes was performed

with H&E staining (top panel of Figure 2). Analysis showed

that LDR for either 4 weeks or 8 weeks had almost no effect on

the pathological features of kidneys from normal mice, except

for causing rare inflammatory cell infiltration in renal intersti-

tial areas. Diabetic mice without LDR displayed time-

dependent pathological changes, including increased size of

glomeruli, obvious mesangial cell proliferation and mesangial

matrix expansion, pink exudation in renal tubules, collapse of

partial capillary, fibroplasia in interstitial areas, and vacuolar

degeneration of partial tubular epithelia. However, after these

diabetic mice were exposed to any of 4 LDR regimens for 4 or

8 weeks, the renal glomerulus structure damage, glomerulus

size enlargement, mesangial cell proliferation, and mesangial

matrix expansion were markedly decreased compared to dia-

betic mice without LDR. Among all 8-week exposure DM/

LDR groups, mice exposed to 12.5 mGy every other day or

to 25 mGy weekly showed the least damage.

Renal sections were subsequently subjected to PAS staining

for further observation of glomerular basement membrane

changes, mesangial cell proliferation, and mesangial matrix

expansion (bottom panel of Figure 2 and their semiquantitative

data in Table 4). There was no difference for these features

between normal mice with and without LDR. Diabetic mice

displayed enhanced deposition of PAS-positive materials in both

the vascular plexus and the mesangial region of glomeruli and

increased nuclei and dense staining in mesangial cells. After

mice were exposed to different LDR regimens for 4 or 8 weeks,

DM-increased deposition of PAS-positive materials in vascular

plexus and mesangial region of glomeruli and thickness of glo-

merular capillary basement membrane were attenuated, the great-

est degree of which was observed in the groups exposed to 12.5

mGy every other day or to 25 mGy weekly (Figure 2 and Table 4).

Exposure to LDR at 25 mGy Weekly and 12.5 mGy
Every Other Day Improved DM-Induced Oxidative/
Nitrosative Damage More Effectively Than Other
Exposure Regimens

Our previous studies showed that LDR suppressed DN through

increasing renal antioxidant activity,15 and the suppressive effect

of different LDR regimens on DN was in line with their capacity

to increase renal antioxidant activity.17 Therefore, the accumu-

lation of oxidative and nitrosative damage products (lipid

peroxidation-related 4-HNE and protein-nitration-related 3-

NT) were assessed by Western blotting. As seen in Figure 3A

Table 1. Effects of Different LDR Frequencies on Blood Glucose in Normal and Diabetic mice.a

Time for LDR —

N/L

DM

DM/L

LD LW HD HW LD LW HD HW

4 weeks 6.6 (1.1) 6.7 (1.2) 6.4 (1.6) 6.2 (1.1) 6.5 (1.3) 24.6 (1.4)b 24.4 (1.2)b 23.5 (1.3)b 22.9 (2.1)b 25.0 (1.6)b

8 weeks 6.8 (1.0) 7.0 (1.1) 7.2 (1.5) 6.9 (1.3) 7.1 (1.2) 27.9 (1.4)b 23.0 (1.2)b,c 22.6 (1.3)b,c 21.7 (1.1)b,c 21.2 (1.8)b,c

Abbreviations: DM, diabetes mellitus; LDR, low-dose radiation.
aEffects of different LDR regimens on blood glucose in normal and diabetic mice. Blood samples of mice from each group were collected at the 4th and the 8th
week of the study, respectively. Blood glucose levels were measured using a freestyle glucometer. “-” indicates normal mice without LDR (Sham group). “N/L”
indicates normal mice with LDR. “DM/L” indicates diabetic mice with LDR. LD: 12.5 mGy every other day; LW: 12.5 mGy every week; HD: 25 mGy every other
day; 25 mGy every week. “wk” indicates the time when the samples were collected and examined. Data are the means (SD; n ¼ 8).
bP < .05 versus normal mice with or without LDR at the same time point.
cP < .05 versus unirradiated diabetic mice at the same time point.

Table 2. Effects of Different LDR Frequencies on Urinary Creatinine in Normal and Diabetic Mice.a

Time for LDR —

N/L

DM

DM/L

LD LW HD HW LD LW HD HW

4 weeks 22.8 (0.7) 22.0 (1.0) 23.1 (1.4) 21.1 (1.2)b 22.3 (1.1) 14.6 (1.3)b 18.8 (1.6)b,c 17.3 (1.7)b,c 18.5 (1.5)b,c 17.5 (1.6)b,c

8 weeks 22.5 (0.7) 22.3 (1.4) 23.0 (1.3) 21.2 (0.9)b 23.5 (1.5) 12.8 (1.3)b 16.8 (1.7)b,c 14.6 (1.5)b,c 15.5 (0.9)b,c 16.6 (0.9)b,c

Abbreviations: DM, diabetes mellitus; ELISA, enzyme-linked immunosorbent assay; LDR, low-dose radiation.
aEffects of different LDR regimens on renal function in normal and diabetic mice. Urine samples of mice from each group were collected at the 4th and 8th week of
the study, respectively. Creatinine levels in the urine were measured by ELISA assay. “-” indicates normal mice without LDR (Sham group). “N/L” indicates normal
mice with LDR. “DM/L” indicates diabetic mice with LDR. LD: 12.5 mGy every other day; LW: 12.5 mGy every week; HD: 25 mGy every other day; 25 mGy every
week. “wk” indicates the time when the samples were collected and examined. Data are the means (SD; n ¼ 8).
bP < .05 versus normal mice without LDR (Sham group) at the same time point.
cP < .05 versus unirradiated diabetic mice at the same time point.
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and the left panels of 3B and 3C, normal mice exposed to LDR

for either 4 weeks or 8 weeks showed little change in the amount

of 3-NT and 4-HNE contents in the kidney. Notable exceptions

are in 25 mGy exposure every other day for 8 weeks which saw

slightly increased accumulation of 3-NT. Furthermore, both 4-

and 8-week LDR exposure demonstrated slightly increased 4-

HNE accumulation. However, exposure of diabetic mice to all

LDR regimens for either 4 weeks or 8 weeks significantly atte-

nuated DM-increased renal 3-NT and 4-HNE accumulation.

When the effects of LDR on DM-increased renal accumula-

tion of 3-NT and 4-HNE were directly compared to their pre-

ventive percentages, we observed that exposure to LDR at 12.5

and 25 mGy every other day for 4 weeks attenuated 3-NT

accumulation more effectively than other 2 LDR regimens, and

exposure to LDR at 12.5 mGy weekly for 4 weeks provided a

less suppressive effect on DM-caused accumulation of 4-HNE

than the remaining 3 LDR regimens (right panels of 3B and

3C). However, exposure of diabetic mice to LDR at 25 mGy

weekly or 12.5 mGy every other day for 8 weeks showed the

greatest degree of prevention against 3-NT and 4-HNE accu-

mulation among all DM/LDR groups.

Exposure to LDR at 25 mGy Weekly and 12.5 mGy
Every Other Day Suppressed DM-Induced Renal Fibrosis
More Effectively Than Other Exposure Regimens

Renal fibrotic changes were subsequently investigated by

Western blotting for Col IV and FN. As shown in Figure 4A

and left panels of 4B and 4C, although exposure of normal mice

to all LDR regimens for 4 weeks did not affect the renal Col IV

and FN expression, exposure of normal mice to 12.5 and 25

mGy every other day for 8 weeks slightly increased renalT
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Table 4. The Semiquantitative Data of PAS Staining Sections in
Kidney From Different Groups.a

Time for LDR —

N/L

DM

DM/L

LD LW HD HW LD LW HD HW

4 weeks 0 0 1 0 0 4 2 3 2 2
8 weeks 1 0 1 1 1 4 2 3 3 2

Abbreviations: DM, diabetes mellitus; LDR, low-dose radiation; PAS, Periodic
acid–Schiff.
aThe semiquantitative data of PAS staining sections in kidney from different
groups. Mesangial matrix expansion, one of the important pathological features
of diabetic nephropathy, was defined by the presence of increased amounts of
PAS positive material in the mesangial region. A minimum of 20 randomly
selected intact glomeruli in the 2 slides from each rat was evaluated indepen-
dently by 2 investigators without prior knowledge of the origin of the slides.
The degree of mesangial matrix expansion was evaluated according to the
percentage of involved glomerular area and the scores were as follows: 0, PAS
positive materials were not found in the mesangial region; 1, <25%; 2, 25% to
50%; 3, 51% to 75%; 4, >75%. The scores obtained by the 2 investigators were
averaged. “-” indicates normal mice without LDR (Sham group). “N/L” indi-
cates normal mice with LDR. “DM/L” indicates diabetic mice with LDR. LD:
12.5 mGy every other day; LW: 12.5 mGy every week; HD: 25 mGy every
other day; 25 mGy every week. “wk” indicates the time when the samples were
collected and examined.
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expression of these 2 fibrotic factors. However, exposure of

diabetic mice to all LDR regimens for either 4 weeks or 8

weeks significantly attenuated DM-increased renal accumula-

tion of Col IV and FN. The right panel of Figure 4B indicates

that exposure of diabetic mice to 12.5 and 25 mGy X-rays

every other day for 4 weeks provided the best preventive effect

on DM-increased renal expression of Col IV than other 2 LDR

regimens; however, among the groups exposed to LDRs for

8 weeks, the most efficient attenuation was in the group of

diabetic mice exposed to LDR at 12.5 mGy every other day

and 25 mGy weekly. The right panel of Figure 4C shows that

exposure of diabetic mice to 25 mGy every other day for

4 weeks prevented DM-increased renal accumulation of FN

more effectively than other LDR groups. All LDR exposures

over 8 weeks provided similar prevention except for the group

exposed to 12.5 mGy weekly.

Discussion

One of our previous studies demonstrated for the first time

that exposure of diabetic mice to LDR significantly attenu-

ated DN via suppression of renal oxidative stress and inflam-

mation.15 Using a more systemic evaluation of exposure

doses (12.5, 25, and 50 mGy) and times (4 and 8 weeks)

every other day, our previous study showed that exposing

diabetic mice to 12.5 mGy X-rays for 8 weeks more effi-

ciently attenuated DM-induced renal damage.17 Based on our

own previous study17 and other previous studies,19,20 we can

assume that there should be a low-dose threshold, below

which the protective effect/radioadaptive response is not

inducible; however, when the dose, regardless of whether it

is a single dose or an accumulated dose of multiple expo-

sures, exceeds the threshold dose, the protective effect would

Figure 3. Effects of different doses and frequency of low-dose radiation (LDR) on diabetes mellitus (DM)-induced renal oxidative and
nitrosative damage. Renal tissues from normal or diabetic mice with and without exposure to LDR at different doses and different frequency
were collected at the 4th and 8th week of the study. Renal accumulation of 4-hydroxynonenal (4-HNE) as oxidative lipid-peroxidation and
3-nitrotyrosine (3-NT) as protein nitration was detected by Western blotting (A) followed by quantitative analysis (left panels of B and C,
respectively). Results of quantitative analysis were further shown as their percentages of that in DM group (right panels of B and C, respectively).
Abbreviations are referred in Figure 1. Data are the means (SD; n¼ 8). *P < .05 versus normal mice of “-” at the same time point; #P < .05 versus
diabetic mice of “-” at the same time point; aP < .05 versus LD at the same time point; bP < .05 versus LW at the same time point; cP < .05 versus
HD at the same time point.
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be induced in a dose-dependent manner until reaching to the

maximal level. Then, the protective effect will decrease with

the further increased radiation dose. After the radiation dose

reaches to the upper dose threshold, the protective effect will

disappear. Considering that the biological effect of radiation

depends on not only the dose of radiation but also the fre-

quency of radiation, we further investigated the preventive

effects of LDR at 12.5 or 25 mGy for different exposure

frequencies (every other day vs weekly). Here, we demon-

strate that whole-body exposure to 25 mGy X-rays weekly

and 12.5 mGy every other day for 8 weeks similarly provided

a more efficient prevention on DM-induced renal dysfunc-

tion, oxidative damage, and renal remodeling (fibrotic

response) than whole-body exposure to 25 mGy every other

day or to 12.5 mGy weekly for 8 weeks. Furthermore, whole-

body exposure to 25 mGy X-rays weekly did not show any

detectable side effect on normal mice with respect to detected

markers of renal function, oxidative damage, and renal

fibrosis.

We demonstrate here that exposure of diabetic mice to 12.5

and 25 mGy every other day (more than 37.5 mGy/wk and

75.0 mGy/wk, respectively) attenuated DM-increased nitro-

sative (3-NT) damage and fibrosis (Col IV and FN) and

improved diabetic suppression of renal function more effi-

ciently than exposure to 12.5 and 25 mGy weekly (12.5

mGy/wk and 25 mGy/wk, respectively, Figure 3 and Figure 4).

However, when diabetic mice were exposed to LDR for

8 weeks, the best protective effect was found in the groups

exposed to 25 mGy weekly or 12.5 mGy every other day in

terms of renal function, remodeling, and oxidative damage

(Figures 3 and 4). Furthermore, our recent study showed that

exposure of diabetic mice to 12.5 mGy every other day for

Figure 4. Effects of different doses and frequency of low-dose radiation (LDR) on diabetes mellitus (DM)-increased expression of collagen IV
(Col IV) and fibronectin (FN). Renal tissues from normal or diabetic mice with and without exposure to LDR at different doses and different
frequency were collected at the 4th and 8th week of the study. The expression of Col IV and FN was detected by Western blotting (A) followed
by quantitative analysis (left panels of B and C, respectively). The results of quantitative analysis were further shown as their percentages of that
in DM group (right panels of B and C, respectively). LD: 12.5 mGy every other day; LW: 12.5 mGy every week; HD: 25 mGy every other day; 25
mGy every week. Abbreviations are referred in Figure 1. Data are the means (SD; n ¼ 8). *P < .05 versus normal mice of “-” at the same time
point; #P < .05 versus diabetic mice of “-” at the same time point; aP < .05 versus LD at the same time point; bP < .05 versus LW at the same time
point; cP < .05 versus HD at the same time point.
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8 weeks showed much better prevention of DN than exposure

to 25 or 50 mGy every other day for 8 weeks.17 These results

suggest that accumulating a certain level of total exposure

(neither too low nor too high) is required for the induction

of renal protection from DM by LDR. This is consistent with a

previous report indicating the existence of specific dose win-

dows for the adaptive response in mammalian cells and mam-

mals.21 Similarly, Phan et al reported that in vivo repeated

20-mGy computed tomography (CT) scans to mice rather than

a single CT scan induced an adaptive response.22

Aside from protective effects, potential side effect of LDR

treatment is another key issue that needs to be considered.

Although exposure of normal mice to 25 mGy weekly for 8

weeks provided a similar protective effect to those provided

by exposure at 12.5 mGy every other day 8 weeks, the former

showed no detectable effect on normal mice except that the

latter showed increased urinary Malb and renal expression of

Col IV and FN. This indicates that exposure to 25 mGy

weekly would be safer than exposure to 12.5 mGy every

other day possibly due to the relatively lower total dose given

by the former.

In terms of potential mechanisms by which LDR prevents

DN, it is largely unknown yet but should include multiple

mechanisms such as the regulation by LDR of systemic hor-

mones, immunologic factors, anti-inflammatory cytokines,

antioxidants, Akt-mediated signaling, and even certain epige-

netic modification.1,9,10,12,13,15,23 We have reported that expo-

sure of mice to LDR that was able to protect DN9 also

increased renal antioxidant levels such as SOD and Nrf2-

mediated antioxidant pathways.23,24 Therefore, the antioxi-

dant stimulation by LDR may play important role in the

preventing DN from diabetic mice.

In summary, following our previous studies, the present

study further clarified that whole-body exposure to 25 mGy

weekly showed the best preventive effect among all the tested

LDR regimens, in terms of biochemical, pathological, and

functional changes with minimal side effect. Therefore,

whole-body exposure to 25 mGy weekly might be the optimal

exposure condition to efficiently reduce diabetic damage to the

kidney from DN. Currently, the no linear threshold principle

remains key for radiation protection, and there are no currently

approved clinical applications of LDR to the prevention and

therapy for diabetic patients. However, therapeutic LDR treat-

ment may be advantageous in certain situations. For instance,

in senior patients who have severe multiple organs dysfunction,

exogenous drugs may increase the organ metabolizing burden,

and these drugs would worsen the patient’s organ dysfunction.

Under such conditions, therefore, administration of these drugs

to these senior patients would not be a good idea, while the

noninvasive approach of LDR to stimulate renal antioxidative

and anti-inflammatory functions may be a good choice.
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