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Abstract

It has been speculated that the addition of antioxidants to diet could act as either radioprotectors or 

as mitigators of radiation injury. In preparation for studies of the mitigation efficacy of 

antioxidants, rats were placed on a modified version of AIN-76A, the diet typically used in such 

studies. This AIN-76A diet is refined and has no synthetic antioxidants or isoflavones. Compared 

to the natural-ingredient Teklad 8904 diet used in previous studies, use of the AIN-76A diet from 

1–18 weeks after irradiation significantly reduced injury in a radiation nephropathy model. A 

confirmation study included an additional arm in which the AIN-76A diet was started 2 weeks 

prior to irradiation; again, the switch to AIN-76A post-irradiation mitigated radiation nephropathy 

(p<0.001), but switching to the AIN-76A diet pre-irradiation had no effect (p>0.2). The two diets 

do not differ in salt content, but the AIN-76A diet is somewhat lower in protein (18% vs. 24%). 

The protein source (primarily soy in Teklad 8904 versus casein in AIN-76A) might explain the 

effects. However, replacing the casein in AIN-76A with soy did not change the mitigation efficacy 

of the diet (p>0.2 for comparison of the different AIN-76A diets). A similar study in a rat radiation 

pneumonitis model also suggested mitigation by post-irradiation use of AIN-76A, although the 

effect was not statistically significant (p=0.07). In conclusion, base diet alone can have 

biologically-significant effects on organ radiosensitivity, but the mechanistic basis for the effect 

and its dependence of timing relative to irradiation are unclear.
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INTRODUCTION

It has been widely speculated that the addition of antioxidants to the diet could act as either 

radioprotectors and/or as mitigators of radiation injury (Brown et al. 2010, Kennedy and 

Wan 2011, Johnke et al. 2014, Singh et al. 2017). When studies of this approach are done in 

rodents they generally use purified diets (usually AIN-76A or AIN-93G) as their base diet 

(Reeves 1997). These refined diets lack phytochemicals such as isoflavones and have lower 
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levels of many antioxidant nutrients. In preparation for studies of the mitigation efficacy of 

dietary antioxidants we placed rats on this type of diet, specifically a modified version of 

AIN-76A. In a radiation nephropathy model (Cohen et al. 2015) we found that, compared to 

our standard diet (Teklad 8904), use of the AIN-76A diet after irradiation significantly 

decreased the incidence and severity of radiation nephropathy. Further studies were then 

conducted to confirm this unexpected effect, to attempt to determine its mechanistic basis, 

and to test whether the effect also extended to radiation pneumonitis.

MATERIALS AND METHODS

Animal Models

The studies were performed in syngeneic WAG/RijCmcr rats that were bred and housed in a 

moderate security barrier. The animals were free of Mycoplasma pulmonis, Pseudomonas, 

and common rat viruses. Supportive care (antibiotics and/or fluids) was not required at the 

radiation doses used. The rats were maintained in a moderate-security barrier at the 

Biomedical Resource Center of the Medical College of Wisconsin, which is fully accredited 

by the American Association of Accreditation of Laboratory Animal Care. The animal 

protocols were approved by the Institutional Animal Care and Use Committee (IACUC). 

Animals were monitored daily. Based on direction from the IACUC, rats were designated as 

morbid and euthanized if they met specified veterinary criteria.

We used a leg-out partial body irradiation (PBI) model of radiation nephropathy, as reported 

by Fish et al. (2016). In brief, unanesthetized 7–8-week-old male rats were confined in a 

plastic jig and irradiated with 320 kV x-rays to a mid-line dose of 11 Gy. One leg was 

externalized and shielded with a 0.25-inch lead block. Further details of the model and 

dosimetry are found in Fish et al. (2016). The renal injury endpoints were the development 

of azotemia (as blood urea nitrogen, BUN) and the interval to renal failure (defined at the 

time to reach a BUN of 120 mg/dl) (Moulder et al. 2011). BUN was measured at regular 

intervals for up to 38 weeks after irradiation, and animals that were morbid or whose blood 

urea nitrogen (BUN) exceeded 120 mg/dl (renal failure) were euthanized.

We used a whole-thorax irradiation model of radiation pneumonitis developed by Medhora 

et al. (2012). Further details of the model and dosimetry are found in Medhora et al. (2012). 

In brief, unanesthetized 9–10-week-old female rats were confined in a plastic jig and 

irradiated with 320 kV x-rays to a mid-lung dose of 12.75 Gy. The endpoint was morbidity 

previously associated with radiation pneumonitis at this dose, requiring euthanasia after 6 

weeks and prior to 11.5 weeks (Medhora et al. 2012).

Diets

Starting at weaning, rats were fed a standard natural-ingredient rodent diet, Teklad 8904, 

which has ~24% protein by weight. The primary protein source is soybean meal with other 

significant sources being fish meal, wheat and corn. Control animals remained on 8904, 

while other rats were switched to experimental purified diets before or after irradiation. The 

purified diets were two versions of AIN-76A that were modified to replace sucrose with 

dextrose, maltodextrin and additional corn starch. These AIN-76A diets had ~18% protein 
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by weight and did not contain a synthetic antioxidant. Protein was provided by either casein 

(TD.120199) or isolated soy protein (TD.130709). For the sterilization required by the 

facility, diets were gamma-irradiated to a dose between 20 and 50 kGy. Table 1 shows the 

macronutrients in the diets plus selected other nutrients that might have effects on normal 

tissues radiosensitivity (Moulder et al. 2002, Brown et al. 2010, Kennedy and Wan 2011, 

Sieber et al. 2011, Johnke et al. 2014, Singh et al. 2017); further details on the diet 

composition can be obtained from Envigo, Madison, WI, USA, www.envigo.com.

Statistical Methods

Survival curves were done by the Kaplan-Meier technique and compared by the method of 

Lee and Desu (1972). Survival curves are not plotted beyond the time where the number of 

animals at risk dropped below two. Physiological parameters are shown as medians with 20–

80% ranges and were compared by Mann-Whitney tests. Medians, ranges and non-

parametric tests were used for analysis of physiological parameters because in groups with 

renal dysfunction these parameters are not always normally distributed, and because some 

animals were euthanized with renal failure prior to scheduled assays. For the purpose of 

calculating median values in groups where some animals (but less than 50%) had been 

euthanized with renal failure prior to the scheduled assay, the parameter for the euthanized 

animals was considered to be more extreme than that of any survivor. If more than 50% of 

the animals in a group had been euthanized with renal failure prior to the scheduled assay, 

the BUN point was plotted as “renal failure”.

RESULTS

In preparation of studies of the efficacy of dietary antioxidants for mitigation of radiation 

nephropathy a group of irradiated animals (n=10) was switched from our standard natural-

ingredient rodent diet, Teklad 8904, to a casein-based AIN-76A diet; other animals (n=8) 

remained on Teklad 8904. The switch was done at 1 week after irradiation, as that is our 

standard start time for assessing potential mitigators that might be used after a radiological 

terrorism event (Moulder 2014). Animals remained on that diet until 18 weeks after 

irradiation. At 17 weeks after irradiation, the BUN in the group that stayed on Teklad 8904 

was 100 (82–117) mg/dl, while in the animals switched to casein-based AIN-76A diet the 

BUN was 18 (17–19) mg/dl, which is a normal level. The striking effect on BUN was 

paralleled by survival, which was a median of 18 weeks for the animals that stayed on 

Teklad 8904 and 33 weeks for the animals that were switched to the casein-based AIN-76A 

diet.

As soon as we found these effects on BUN, we started a confirmation group with an 

additional 4 animals that stayed on Teklad 8904 and four that were switched to casein-based 

AIN-76A diet at 1 week after irradiation. Also in this group were 8 animals that were 

switched to the casein-based AIN-76A diet two weeks prior to irradiation. Again, animals 

remained on the AIN-76A diet until 18 weeks after irradiation. The survival data for the 

combined groups is shown in Figure 1 and the combined BUN data is shown in Figure 2.

The switch to the casein-based AIN-76A diet at one week after irradiation dramatically 

increased survival (p<0.001, Fig 1, Panel A), but when the switch was made two weeks prior 
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to irradiation there was no effect on survival (p>0.20, Fig. 1, Panel A). At 17 weeks and 

after, BUN levels were elevated (all p<0.002) in irradiated animals (vs. non-irradiated). BUN 

levels in animals on Teklad 8904 and those switched to AIN-76A 2 weeks prior to 

irradiation did not differ (all p>0.20, Fig. 2, Panel A). At 17 and 21 weeks after irradiation 

animals switched to AIN-76A at 1 week after irradiation had lower BUNs than that those 

that remained on Teklad 8904 (both p<0.0005, Fig. 2, Panel A).

Data from a colleague working with a different rat nephropathy model (Mattson et al. 2005) 

suggested that the casein in the diet might be responsible for the beneficial effect of the 

AIN-76A diet, so we tested a version of AIN-76A where the protein source was soy. 

Animals were switched to the AIN-76A diets 1 week after irradiation and remained on them 

until 18 weeks after irradiation. Based on morbidity (Fig. 1, Panel B), the switch to 

AIN-76A was beneficial for both formulations of the AIN-76A diet (both p=0.01), and there 

was no difference between the two formulations (both p>0.20). At 17 and 21 weeks after 

irradiation animals switched to the AIN-76A diets had lower BUNs than those that remained 

on Teklad 8904 (all p<0.02), and BUN values for animals on the two AIN-76A diets did not 

differ (all p>0.20). This second study also established that it was not the lack of isoflavones 

in the casein-based AIN-76A diet that affected radiation nephropathy, as the soy-based 

AIN-76A diet had isoflavone levels similar to that of Teklad 8904 (Table 1).

Next, we performed a study to see if the mitigation efficacy of switching animals to the 

AIN-76A diet at 1 week after irradiation would extend to radiation pneumonitis. The switch 

to the AIN-76A diet reduced morbidity from radiation pneumonitis from 61% to 31% 

(p=0.07 vs animals that remained on Teklad 8904, Fig. 3). This suggests that the mitigation 

efficacy of the AIN-76A diet may extend to other organ systems.

DISCUSSION

Several dietary components are known to affect renal radiosensitivity including, protein 

(Yatvin et al. 1984, Robbins et al. 1993), sodium (Moulder et al. 2002) and selenium (Sieber 

et al. 2011). Sodium content is ruled out as a factor in this study, as the soy-based AIN-76A 

and the Teklad 8904 have identical sodium levels (Table 1). While the casein-based 

AIN-76A did have a lower sodium content, previous work in this nephropathy model 

showed that it was the high- not the low-sodium diet that was beneficial (Moulder et al. 
2002). Similarly, the decreased selenium content in the AIN-76A diets (Table 1) seems an 

unlikely factor as it is excess selenium that is beneficial in the nephropathy model (Sieber et 
al. 2011).

It is possible that the lower iron content of the AIN-76A diets (Table 1) were responsible for 

their mitigating benefit, as iron has been implicated in the pathogenesis of progressive 

chronic renal failure (e.g., Alfrey et al. 1989). However, the bioavailability of iron in natural-

ingredient diets like Teklad 8904 is lower, perhaps by a factor of five, compared to refined 

diets like AIN-76A (Hubbard et al. 2013).

Protein content might be a factor (24% in Teklad 8904 vs. 18% in AIN-76A) because 

reducing the protein content from 20% to 4% in rats (Yatvin et al. 1984) and from 16% to 
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4% in pigs (Robbins et al. 1993) had a modest effect on radiation nephropathy. In addition, 

there are reports that decreasing dietary protein from the common 23–24% to the 12–14% 

range can increase survival (Barrows and Kokkonen 1975, Rao 2002) and decrease chronic 

renal problems (Rao 2002) in normal (that is, non-irradiated) rats. However, the low sodium 

(TD.94025) and normal sodium (TD.96036) diets that were studied in this radiation 

nephropathy model (Moulder et al. 2002) had protein levels (19%) very close to AIN-76A 

(18%), but had no noticeable effects on renal radiosensitivity.

Another factor we examined was the possibility that somewhat higher energy density of the 

AIN-76A diet might matter (Table 1); but at 11 weeks after irradiation the weights of the 

animals on Teklad 8904 were not significantly (p>0.20) different from those on casein-based 

AIN-76A, namely 219 (202–234) g on Teklad 8904 versus 220 (215–231) g on AIN-76A. 

Even at 17 weeks after irradiation, when the animals on Teklad 8904 were developing 

nephropathy, the weight difference was small although statistically significant (p<0.05), 

namely 219 (202–234) g on Teklad 8904 and 225 (118–240) g on casein-based AIN-76A.

One speculation that we have not investigated is a vascular nitric oxide synthase (NOS) 

related connection. Spradley et al. (2012) showed that switching Dahl salt-sensitive rats from 

AIN-76A to Teklad 8604 (the non-irradiated analog to 8904) “leads to small arterial NOS 

dysfunction and reduced NOS signaling, predisposing Dahl salt-sensitive rats to vascular 

disease.” In our rat radiation nephropathy model, there is a drop in renal nitric oxide activity 

after irradiation (Cohen et al. 1996), and there is indirect evidence that this drop plays a role 

in the pathogenesis of radiation nephropathy (Moulder et al. 2003). If the AIN-76A diet 

mitigates this drop in renal nitric oxide activity it might explain at least part of its benefit.

It is clear from these studies that base diet changes alone can have biologically significant 

effects on organ radiosensitivity. While the mechanistic basis for the effect and its 

dependence of timing relative to irradiation are unclear, these unexpected effects may point 

the way toward new approaches to the mitigation of radiation injuries.
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Fig. 1. 
Kaplan-Meier morbidity curves as a function of diet for rats given 11 Gy single-dose PBI 

with one-hind limb shielded, where morbidity is defined as a BUN of 120 mg/dl. Panel A, 

Study 1: animals continuously fed a standard natural-ingredient rodent diet, Teklad 8904 

(n=12, black); animals switched at 2 weeks prior to irradiation to a casein-based AIN-76A 

diet (n=8, green); animals switched at 1 week after irradiation to the same AIN-76A diet 

(n=14, red). Panel B, Study 2: animals continuously fed Teklad 8904 (n=6, black); animals 

switched at 1 week after irradiation to the casein-based AIN-76A diet (n=5, red); animals 
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switched at 1 week after irradiation to a further modified AIN-76A diet in which the protein 

was switched from casein to soy (n=8, blue). In both studies, once the diet switch was made, 

animals stayed on the AIN-76A diet for until 18 weeks after irradiation when the diet was 

changed back to Teklad 8904.
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Fig. 2. 
Azotemia (as blood urea nitrogen, BUN) as a function of diet for rats given 11 Gy single-

dose PBI with one-hind limb shielded. These are the same animals shown in Figure 1. BUN 

values are medians with 20–80% confidence intervals; points are plotted as “renal failure” 

when more than 50% of the animals had been euthanized with BUN greater than 120 mg/dl, 

and upper confidence limits are replaced by an arrow when more than 20% of the animals 

had been euthanized with high BUN. Panel A, Study 1: animals continuously fed Teklad 

8904 (black); animals switched at 2 weeks prior to irradiation to the casein-based AIN-76A 

(green); animals switched at 1 week after irradiation to the same AIN-76A diet (red). Also 

shown is data (open circles, dashed line) for concurrent sham-irradiated animals on the 

casein-based AIN-76A diet from 6 weeks of age (n=5). Panel B, Study 2: animals 

continuously fed Teklad 8904 (black); animals switched at 1 week after irradiation to the 

casein-based AIN-76A diet (n=5, red); animals switched at 1 week after irradiation to the 

soy-based AIN-76A diet (n=8, blue).
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Fig. 3. 
Kaplan-Meier morbidity curves as a function of diet for rats given 12.75 Gy whole-thorax 

irradiation. Follow-up ended at 11.5 weeks. Animals were continuously fed our standard 

diet, Teklad 8904 (n=12, black) or were switched at 1 week after irradiation to a casein-

based AIN-76A diet (n=16, red). Once the diet switch was made, animals stayed on the 

AIN-76A diet for the duration of the study.
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TABLE 1:

DIET COMPARISONS

Nutrient T.8904
Teklad Rodent Diet

TD.120199
AIN-76A
(Casein)

TD.130709
AIN-76A

(Soy)

Protein (%) 25 18 18

Carbohydrate (%) 40 61 61

Fat (%) 4.5 5.2 5.2

 Saturated (%) 0.9 0.7 0.7

 Linoleic acids (%) 1.9 2.9 2.9

Energy density (kcal/g) 3.0 3.6 3.6

Sodium (%) 0.3 0.1 0.3

Potassium (%) 1.0 0.4 0.4

Phosphorus (%)
a 0.7 0.5 0.6

Calcium (%) 1.3 0.5 0.6

Magnesium (%) 0.3 0.05 0.06

Selenium (mg/kg) 0.3 0.1 0.1

Zinc (mg/kg) 80 34 45

Total iron (mg/kg)
b 300 45 70

 Iron added (mg/kg) 95 36 36

Copper (mg/kg) 24 6 8

Vitamin A (IU/g) 13 4 4

Vitamin B6 (mg/kg) 13 6 6

Vitamin B12 (mg/kg) 0.05 0.01 0.01

Vitamin D (mg/kg) 2.4 1 1

Isoflavones (mg/kg) ~500 none ~400

Cholesterol (mg/kg) 50 40 0

a
available (non-phytate) phosphorus.

b
iron may be as much as 5X less available in T.8904 than in the AIN diets
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