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Abstract

Purpose: The goal of the current study was to identify longitudinal changes in urinary 

metabolites following IR exposure and to determine potential alleviation of radiation toxicities 

by administration of recombinant APC formulations.

Materials and Methods: Female adult WAG/RijCmcr rats were irradiated with 13.0 Gy leg-

out partial body X-rays; longitudinally collected urine samples were subject to LC-MS based 

metabolomic profiling. Sub-cohorts of rats were treated with three variants of recombinant APC 

namely, rat wildtype (WT) APC, rat 3K3A mutant form of APC, and human WT APC as two 

bolus injections at 24 and 48 hours post IR.

Results: Radiation induced robust changes in the urinary profiles leading to oxidative stress, 

severe dyslipidemia, and biosynthesis of PUFAs, glycerophospholipids, sphingolipids, and 

steroids. Alterations were observed in multiple metabolic pathways related to energy metabolism, 

nucleotide biosynthesis and metabolism that were indicative of disrupted mitochondrial function. 

On the other hand, sub-cohorts of rats that were treated with rat wildtype-APC showed alleviation 

of radiation toxicities, in part, at the 90-day time point, while rat 3K3A-APC showed partial 

alleviation of radiation induced metabolic alterations 14 days after irradiation.
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Conclusions: Taken together, these results show that augmenting the Protein C pathway and 

activity via administration of recombinant APC may be an effective approach for mitigation of 

radiation induced normal tissue toxicity.
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Introduction

Management of large populations at risk of exposure to ionizing radiation (IR) in the 

event of a radiological scenario requires emergency preparedness to identify, treat and 

manage exposed individuals. Exposure to IR triggers a cascade of altered physiological 

events affecting a network of cellular responses at the metabolic, proteomic as well 

as at the genomic level. Mapping the physiological response to IR by characterizing 

metabolic perturbations will augment the development of biomarkers panels that would help 

assess absorbed dose and predict the development of radiation injuries to help strategize 

the administration of radiation countermeasures. The National Institute of Allergy and 

Infectious Diseases (NIAID) radiation and nuclear countermeasures program promotes 

discoveries to study the mechanisms of radiation-induced injuries and to develop medical 

countermeasures (MCM) to treat the acute (gastrointestinal, hematopoietic injuries) and 

delayed effects of radiation (lungs, heart, kidneys, brain injuries) that may occur from a 

nuclear attack or terrorist event (Fish et al. 2016). Hence a high throughput biomonitoring 

and diagnostic platform that is easily deployable, rapid, reproducible, reliable, and 

appropriate to triage and permit rapid assessment of many individuals in a mass casualty 

setting would be of utmost importance. Through the last couple of decades, several groups 

have reported on the identification and subsequent development of biomarkers panels for 

acute radiation syndrome (ARS) (Singh et al. 2016).

Despite continual efforts to develop radiation countermeasures, the only USFDA approved 

safe and effective medical countermeasures against unwanted radiation exposures are drugs 

largely repurposed from their original oncology indications (Singh, Garcia, et al. 2017; 

Singh, Hanlon, et al. 2017; Singh and Seed 2017). Radio injury protectors or mitigators such 

as Activated protein C (APC) are administered a priori to protect soldiers, first responders, 

or civilians in anticipation of radiation exposure or cancer patients undergoing radiotherapy, 

or immediately after exposure to prevent worsening of late-stage symptoms (Stone et al. 

2004). However, currently there is no US FDA approved radioprotector available for either 

hematopoietic ARS (H-ARS) or gastrointestinal ARS (GI-ARS)(Singh and Seed 2017). 

APC is a vitamin-K dependent natural protein that has anti-coagulant and anti-inflammatory 

properties and is known to improve endothelial function through the activation of several 

endothelial cell surface receptors (Griffin et al. 2018). APC has previously been shown to 

have potent radiation mitigative effects in a mouse model of the acute radiation syndrome 

(Geiger et al. 2012). The APC mutant 3K3A-APC was created with reduced anti-coagulant 

properties (<10% of wild-type (WT) APC) but full cytoprotective properties (Williams et 

al. 2012). However, it is now believed that the beneficial characters of APC are partially 
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independent from its anticoagulant activity (Wang and Li 2009). APCs are known to exert 

potent radiation-mitigative effects by improving endothelial cell function (Griffin et al. 

2007).

The goal of the current study was to identify longitudinal changes in urinary metabolites 

following IR exposure and to determine potential alleviation of radiation toxicities by 

administration of recombinant APC formulations. We used the well characterized WAG/

RijCmcr female rat model of partial body irradiation (leg-out PBI) to prolong survival. This 

model is accurate for the radiation induced occurrence of dose-, time- and sex-dependent 

sequelae representing GI, hematopoietic, lung and kidney toxicities after leg-out PBI (Fish et 

al. 2016). This model optimally mimics injuries from a nuclear accident or radiological 

attack, which are rising threats to public health (D. J. Barnett 2006). The prolonged 

survival of animals makes it feasible to study the effects of radioprotective agents such 

as thrombomodulin activated protein kinase C (APC).

Female adult WAG/RijCmcr rats were irradiated with 13.0 Gy leg-out partial body X-rays; 

longitudinally collected urine samples were subject to LC-MS based metabolomic profiling. 

Sub-cohorts of rats were treated with three variants of recombinant APC namely, rat 

wildtype (WT) APC, rat 3K3A mutant form of APC, and human WT APC as two bolus 

injections at 24 and 48 hours post IR. The APC variant 3K3A APC used in this study was 

designed to retain normal cell signaling activities and cytoprotective properties, with reduced 

anti-coagulant properties (Williams et al. 2012). We found that exposure to radiation induced 

perturbations in rat urinary profiles that was indicative of dyslipidemia and disruption of the 

metabolic pathways related to energy production and oxidative stress. The treatment with 

APC post IR exposure was observed to offer significant protection from radiation injury 

especially with the rat 3k3a version of recombinant APC.

1. Materials and methods:

2a. Animal care and irradiation protocols:

(i). Animals and groups: All animal protocols were approved by the Institutional 

Animal Care and Use Committees (IACUC) at the Medical College of Wisconsin, 

Milwaukee. WAG/RijCmcr female rats were irradiated at about 11-12 week of age (~155 

grams). To test the effect of radiation on urinary composition and the radioprotection 

exhibited by APC variants, a cohort of rats was randomized into 1) No irradiation, vehicle 

(n=8), 2) 13.0 Gy leg–out PBI (n=10), 3) 13.0 Gy leg–out PBI (n=10) with human WT 

APC, 4) 13.0 Gy leg–out PBI (n=10) with rat WT APC, 5) 13.0 Gy leg–out PBI (n=10) 

with variant rat 3k3a APC. The protocols used for leg-out PBI were similar as reported 

previously (Fish et al. 2020). Briefly, rats were restrained and irradiated without the use of 

anesthetics. One of the hind limbs of each rat was externalized carefully and shielded with 

a 0.25-inch lead block. An X-RAD 320kV orthovoltage X-ray system (Precision X-Ray, 

North Branford, Connecticut) was operated at 320 kVp and 13 mA with a half value layer 

of 1.4 mm Cu with a dose-rate of 1.69 Gy/min for a total dose of 13.0 Gy. Radiation 

was delivered posterior-to-anterior to the rat. Dosimetry was performed as described by 

Medhora et al (Medhora et al. 2014). All rats received supportive care including hydration 

by daily subcutaneous injection of saline 40 mL/kg/day from days 2-10, and antibiotics 
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(enrofloxacin) at 10 mg/kg/day from days 2-14 given in the drinking water. Powdered food 

was added to the cages from days 35 to 70 after irradiation due to tooth loss that resolved by 

day 70.

(ii). APC treatment: Rat WT APC and the variant 3k3a-APC, and the human WT APC 

were synthesized by Dr. Griffin’s laboratory and made available to us for this study by 

Dr. Fernandez (Scripps research institute, La Jolla, CA). All the 3 APC stock solutions 

were supplied as aliquots in a stabilization buffer (10 mM sodium citrate, 300 mM sodium 

chloride solution at a pH of 6.0). The drugs were stored at −80 °C until use. The APCs 

were administered to rats by intravenous (IV) injection at 24 and 48 hours after irradiation. 

On the day of administration, the drugs were diluted to the appropriate concentration with 

Dulbecco’s Phosphate-Buffered Saline as follows: rat WT APC (0.2 mgkg−1), rat variant 

3K3A APC (0.2 mgkg−1) and human WT APC (0.6 mgkg−1). The vehicle group received 

equivalent dilutions of stabilization buffer made in DPBS.

(iii). Urine collection: At 24 hours, 14-, 30- and 90-days post irradiation, rats were 

placed individually in metabolic cages for 24 hours and urine samples were collected. The 

urine samples were centrifuged at 13,000 rpm at 4 °C for 10 minutes and the supernatant 

was stored frozen at −80 °C until analyses.

2b. Mass spectrometry solvents and reagents:

All LC-MS grade solvents including acetonitrile and water were purchased from 

Fisher Optima grade, Fisher Scientific. High purity formic acid (99%) was purchased 

from Thermo-Scientific. Debrisoquine and 4-nitrobenzoic acid were purchased from 

Sigma-Aldrich. EquiSPLASH® LIPIDOMIX® quantitative mass spec internal standard 

and 15:0-18:1-d7-PA, C15 Ceramide-d7 (d18:1-d7/15:0) and 18:1 Chol (D7) ester 

were purchased from Avanti polar lipids. Internal standard for free fatty acid (FFA), 

dihydroceramides (DCER), hexosylceramides (HCER), lactosylceramides (LCER) were 

purchased from Sciex as Lipidyzer platform kit. The LC-MS data acquisition details are 

provided in Supplementary data.

2. Results:

3a. IR exposure induced distinct metabolic profiles:

In this study, adult female Wag/RijCmcr rats were irradiated (leg-out PBI) with sham or 

13.0 Gy of X-rays to test the effect of radiation on urinary composition and further a 

sub-cohort was administered with recombinant APC at 24 and 48 hours post IR to determine 

potential alleviation of radiation injury. For doing this, a cohort of rats was randomized into 

five groups as detailed: 1) no irradiation, vehicle (n=8), 2) 13.0 Gy leg–out PBI (n=10), 

3) 13.0 Gy leg–out PBI (n=10) with human WT APC, 4) 13.0 Gy leg–out PBI (n=10) 

with rat WT APC, 5) 13.0 Gy leg–out PBI (n=10) with rat 3k3a APC. Urine samples 

were collected longitudinally at 1, 14, 30- and 90-days following irradiation and APC 

treatment and subjected to LC-MS based metabolomic profiling. (Figure 1A). LC-MS data 

deconvolution was performed using XCMS software that yielded approximately 2316 and 

1432 features in electrospray positive and negative modes, respectively (Gowda et al. 2014). 
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Data normalization and log transformation was performed prior to multivariate analysis. 

Binary group comparisons between sham and irradiated urine samples at days 1 and 90 

showed a clear distinction between the two groups (Figure 1B). Urinary profiles that showed 

robust metabolic dysregulation at day 1 post IR, stabilized for most part by 14 and 30 days, 

possibly reflecting homeostasis (Dimova et al. 2008; Desouky et al. 2019). However, we 

observed apparent metabolic shifts at 90 days, possibly indicating the development of late 

effects of acute radiation exposure (DEARE) (Supplementary Table 1). Figure 1C depicts 

the longitudinal trend (from day 1 to day 90) of significantly dysregulated metabolites. 

Metabolic dysregulations at day 1 post-IR, were visualized as volcano plots (Figure 2A) 

with a fold-change (FC) criterion of ≥2.0 and p-value < 0.05 (FDR adjusted), most of 

these alterations returned to near sham levels on days 14 and 30 (Figure 2B & C). Most 

of metabolites and lipids which were downregulated at day 1 showed upregulations at 

day 90 (Figure 2D). Accurate mass based putative identification of the 3931 significantly 

dysregulated features was performed by tandem mass spectrometry (MS/MS) validation. 

Putative annotation was done using the CEU Mass Mediator RESTful API service. 

Thereafter, 306 dysregulated features were putatively identified using fragmentation pattern 

matching by performing searches in NIST 2017 MS/MS database with a ppm error of less 

than 10 (Lin et al. 2014; Cooper et al. 2019). The putatively identified metabolome included 

broad classes of small polar molecules and lipids as detailed in Supplementary Table 

2. We also used in-house developed targeted multiple reaction monitoring (MRM) based 

quantitative metabolomics and lipidomic analytical methodologies for the identification and 

quantitation of metabolites that exhibited radiation induced alteration in their abundance 

levels. Data processing followed by quality control measures provided us with 250 

metabolites and 490 lipids in metabolomics and lipidomic mode, respectively. With the 

criteria of FC ⩾2.0, p-value < 0.05, (FDR adjusted), most of the dysregulations were 

observed at day 90 indicating delayed effects of IR (Supplementary Table 3).

IR appeared to induce dyslipidemia, as observed by alterations in the abundance of several 

lipid classes, the major ones being fatty acyls, phospholipids, glycerolipids, bile-acids, 

steroids, and sphingolipids among others. Most of the lipid classes exhibited oscillatory 

abundance post-IR (downregulation at day 1, which mostly normalized at 14 and 30 

days and showed significant upregulation again at day 90 and (Figure 1C). However, 

the downregulations of lipids such as steroids and fatty acyls at day 1 were maintained 

at 90 days. The longitudinal trends for lipidomic dysregulations are shown in Figure 3. 

Another important parameter of IR-induced oxidative stress is the relative composition of 

phospholipids such as PC/LPC (Angelini et al. 2014). The PC/LPC ratio was observed to fall 

significantly, indicating radiation-induced oxidative stress mediated conversion of PCs into 

LPCs (Figure S1).

Subsequently, metabolomics analysis indicated differential abundance of a broad variety 

of small polar molecules upon IR exposure. The longitudinal trends of metabolic 

dysregulations are classified in three main segments of heatmap (Figure 1C). Segment 1 

details the downregulations at day 1 that mostly dissipated at 14 and 30 days however, 

showed significant upregulation at day 90. The above-mentioned trends for glycolysis 

and TCA cycle were evident from alterations in urinary levels of pyruvate and citrate, 

respectively. Amino acids like tryptophan and kynurenine showed significant upregulations 
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at day 90. Segment 2 of the heatmap shows metabolites having stable response to 

radiation and were observed upregulated at day 1 and day 90 includes metabolites of 

pentose phosphate pathway like ribulose-5-phosphate. Segment 3 of heatmap highlights 

the metabolites which showed stable response to radiation impact and were observed 

as downregulated at day 1 and day 90 includes metabolites of hexosamine biosynthesis 

pathway (HBP) like glucosamine-6-phosphate. HBP is one of the key pathways that link 

the metabolic sensing and cellular signaling. The WAG/RijCmcr rat model is well known 

to exhibit radiation induced intestinal injuries and exhibit the altered gut microbiome (Li 

et al. 2020; Fernandes et al. 2021; Liu et al. 2021). Remarkably gut injury was evident 

with the significantly downregulated levels of shikimate pathway metabolites such as 4-

aminobenzoic acid which is an intermediate in the bacterial biosynthesis of folic acid by the 

gut microbiota.

Significant downregulations were observed for the biomolecules modified by radiation 

exposure including 8-hydroxyguanosine, and nitro-tyrosine (NT). Upon irradiation, the 

modified biomolecules could be generated by hydroxyl radicals that are produced via 

radiolysis of water molecules in vascular endothelium while generation of methionine 

sulfoxide indicates elevated oxidative stress burden post irradiation. Similarly, NT could be 

a result of increased nitrative/nitrosative stress. Further, we performed Mummichog pathway 

analysis of dysregulated metabolites in urine samples of irradiated rats. Multiple pathways 

showed alterations at days 1 through 90 including purine and pyrimidine metabolism, 

biosynthesis and metabolism of amino acids, sphingolipids and glycerophospholipids 

metabolism. The alterations in bile acid biosynthesis, glycerolipid metabolism and carnitine 

shuttle were specific to delayed radiation injury and showed up at 90 days (Figure 4A, 

Supplementary Table 4). Taken together, LC-MS based global and targeted metabolomics 

and targeted lipidomics approach, used herein, showed dysregulations in metabolic profiles 

that may be indicative of radiation damage. We found acute and long-term sequelae of 

radiation damage that has been reported in human radiation exposure case studies (Fish et al. 

2016).

3b. Alleviation of radiation toxicity by APC administration

APCs along with causing the alteration of gene expression profiles also possess anti-

inflammatory and antiapoptotic activities. Further effects include antithrombotic actions 

and cytoprotective activities with the net effect of maintaining the health and integrity 

of the vasculature via endothelial barrier stabilization. The direct cytoprotective role 

requires APC binding to the endothelial protein C receptor (EPCR) and activating protease 

activated receptor-1 (PAR-1) (Wang and Li 2009). We asked whether IR-induced changes 

in metabolic profiles were mitigated by treatment with APC. We observed significant 

restoration of lipid metabolism. A variety of lipid classes and small metabolites were 

observed to be corrected by APC treatments, a few of them are shown in Figure 5.

(i). Early alleviation of radiation effects by rat 3K3A APC: At day 14, rat 

3K3A variant of APC was most effective in partially restoring urinary metabolic levels to 

near-normal abundance for the metabolites including tryptophan, PRPP, nicotinuric acid, 

15S-HpEDE, 9-OH-PGF2α, while rat WT mitigated the effects of IR on PRPP, Trp, 
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15S-HpEDE. Human WT APCs treatment managed to recover the levels of 11-DHC, PKC-

substrate to near normal at day 14 post IR (Supplementary Table 5). Rat 3K3A also induced 

a total recovery for androstanolone at 30 d. Pathway analysis revealed that rat 3K3A APC 

impacted the conversion of valine, leucine, and isoleucine degradation, C21-steroid hormone 

biosynthesis and metabolism post 14-days treatment with rat 3K3A APC.

(ii). Rat WT APC mitigates delayed effects of IR: Of the three recombinant versions 

of APCs studied herein, rat WT APC was observed as most effective at 90 d, where 

4 metabolites (S-adenosylhomocysteine (SAH), androstanolone, ADP-glucose, Di-HETE) 

exhibited near sham levels while the dysregulations were corrected significantly for other 

8 metabolites as detailed in Supplementary Table 3. Human WT APC restored the level 

of DAG (18:0/18:2), while rat 3K3A restored the levels of 5 metabolites (ADP-glucose, 

LCER 18:1, N-acetyl alanine, leucine, isoleucine) to near sham levels at 90-days post-IR 

(Supplementary Table 5, Figure 5). Mummichog pathway analyses showed protection in bile 

acid biosynthesis, C21-steroid hormone biosynthesis and metabolism, de novo fatty acid 

biosynthesis, glycosphingolipid metabolism post 90-days treatment with the mentioned three 

APC recombinants.

Discussion:

Accidental or intentional exposure to ionizing radiation is a major, worldwide public 

health concern that requires substantial efforts to manage and treat exposed individuals. 

In the present study, we report on metabolomics and lipidomic profiling on urine samples 

from female WAG/RijCmcr rats exposed to 13.0 Gy of leg-out X-ray PBI. The metabolic 

profiling study had two objectives: (i) studying urinary profiles post-IR, and (ii) assessing 

the potential radio injury mitigation activity of APC treatment.

The observed inflammatory phenotype in the urinary profiles of irradiated rats is suggestive 

of severe dyslipidemia. Lipids could be appropriate biomarkers to study long term 

effects of IR that are proportional to lipoxidative stress intensity (Pannkuk et al. 2017). 

Glycerophospholipid metabolism is considered as the most significant pathway among the 

IR-responsive lipids (Maceyka and Spiegel 2014). SMs, as important components of lipid 

raft domain within the plasma membrane are essential for cell signaling and the endothelial 

cell stress response (Mathias et al. 1998; Hammad 2011; Peter Slotte 2013). However, 

IR-induced oxidative stress could result into enzymatic hydrolysis of sphingomyelins by 

activation of acid sphingomyelinase and generate ceramides (Kolesnick 1991). Elevated 

levels of ceramides could disrupt lipid rafts and impair cellular signaling. Ceramides are 

significant radiation injury biomarkers and IR-induced elevation in ceramide levels have 

been detected in many pathological conditions (Yun et al. 2020; Choi et al. 2021).

Free fatty acids are vital endogenous molecules for cellular energy metabolism, and the 

decrease in their levels following IR is most likely a protective mechanism of the cells to 

meet their energy demands (Munir et al. 2019). Downregulated levels of fatty acyls and 

oxylipins as observed in this study could be related to either downregulated PUFA levels or 

high cellular antioxidant content (Morton et al. 1979; Cheeseman et al. 1988; Das 2006a, 

2006b). Among bile-constituents, taurine is major, and a well-known marker of IR induced 
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oxidative stress (Tyburski et al. 2008). Bile salts facilitate the absorption of fatty acids and 

cholesterol from dietary sources in the GI tract, however, disrupted due to alterations in gut 

microbiota following radiation exposure.

Upregulation in TCA cycle play a pivotal role in oncogenesis and inflammation. TCA cycle 

appeared as an actionable pathway in immunopathology and, the dysfunctions of TCA 

cycle in cancer are known to cause metabolic vulnerabilities (Scagliola et al. 2020). Citrate 

is reported to reduce hyperglycaemia-induced endothelial inflammation and abolishing 

endothelial dysfunction (Bryland et al. 2012). The dysregulations in HBP observed in this 

study could affect nucleotide biosynthesis and metabolism to impede DNA biosynthesis and 

repair. N-acetylation of glucosamine is reported as impaired in patients with inflammatory 

bowel disease, indicating response of gut tissue to inflammation under oxidative stress 

conditions (Burton and Anderson 1983). The perturbations in fatty acid biosynthetic and 

metabolic pathways could limit the supply for mitochondrial fatty-acid beta-oxidation that 

could subsequently result in dysregulated acetyl CoA levels, as observed. Acetyl CoA 

is the main feed to the TCA cycle, followed by ETS, and physiological dysfunction 

of mitochondria could disrupt the energy metabolism (Boroughs and DeBerardinis 2015; 

Cucchi et al. 2021). Pyruvic acid is reported to positively affect angiogenic cascade, DNA 

synthesis, migration, and tube formation in bovine aortic endothelial cells. Furthermore, 

mRNA expression of fibroblast growth factor receptor-2 and vascular endothelial growth 

factor was enhanced by pyruvic acid (Lee et al. 2001).

The prominent upregulation of shikimic acid pathway indicate IR-induced intestinal injury 

resulting in disturbances across related physiological events (Sun et al. 2020). Following 

metabolism by the disrupted gut microbiota, higher urinary levels of phenylacetylglutamine 

are suggestive of kidney dysfunction (Barrios et al. 2015). Perturbations in the oxalate and 

glyoxylate metabolism could also cause hyperoxaluria, a condition with elevated urinary 

levels of oxalate causing the buildup of calcium oxalate in the urine, and thus the eventual 

formation of kidney stones, a key cause of nephrolithiasis (Holmgren et al. 1978; Bhasin 

et al. 2015). Kidney malfunction due to late radiation effects is known characteristic of 

WAG/RijCmcr rat model post 90 days of IR exposure (Moulder John E. and Fish 1997; 

Moulder J. E. 2014; Fish et al. 2016).

IR-induced perturbations in amino acids can have a potential impact on both, protein levels 

and DNA damage repair (Cucchi et al. 2021). Amino acids are essential for maintaining 

intact endothelial functions, which include cell proliferation, regulation of blood flow and 

vascular tone, coagulation and fibrinolysis, and metabolism of a variety of macromolecules. 

Low tyrosine levels in the study may indicate kidney damage which is a well-known 

symptom of radiation exposure (Schrier 2007). Additionally, dysregulated abundance of 

S-Nitroso-L-glutathione, arginine and homoarginine that are known to improve endothelial 

functions by enhancing the production of NO, could further worsen the impacts of oxidative 

stress (Huynh and Chin-Dusting 2006; de Oliveira et al. 2008; Grosse et al. 2020).

APC is hypothesized to mitigate IR-induced damage (Geiger et al. 2012). The vascular 

endothelium is one of the most sensitive tissues to radiation damage, contributing to injury 

in organ systems that show loss of structure and function as early as a few days (gut 
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and bone marrow) or months to years (brain, heart, lung and kidneys) after radiation 

(Hopewell et al. 1993; Wang et al. 2007; Baselet et al. 2019). APC has been shown to 

mitigate radiation injury by improving endothelial cell function. Wild-type APC has both 

anti-coagulant properties and binds to several receptors on the endothelial cell surface to 

alter endothelial signaling and function (Griffin et al. 2007; Pendurthi and Rao 2018). The 

treatment with recombinant APC was found to partially alleviate metabolic dysregulation 

caused by IR exposure. While rat WT APC appeared as the best radiation injury mitigative 

variant at day 90, rat 3K3A showed maximal radio mitigative effect at 14 days especially 

via significant restoration of lipid profiles. Corrections were also observed for nicotinuric 

acid, carnitines and regulated glycolysis suggest normalized energy metabolism and possibly 

repaired tissue injury. APC was found to restrict abnormal degradation of branched-chain 

amino acids including isoleucine and leucine. Isoleucine has been reported to down-regulate 

angiogenesis via inhibition of vascular endothelial growth factor while regular leucine 

metabolism could help prevent endothelial dysfunction in hyperglycemic conditions (Murata 

and Moriyama 2007). Since vascular impairments and in turn cognitive impairments are 

observed due to perturbed tryptophan metabolism, bringing Trp and SAH to near sham 

levels could assist in maintaining the endothelial function intact (Kwiatkowska et al. 2020; 

Mahalakshmi et al. 2022). Near sham Trp levels also indicates alleviation of GI injury since 

Trp is a key marker of gut homeostasis and its metabolism is closely related to intestinal 

microbiome. Taken together, these findings suggest that the APC treatments alleviated 

vascular endothelial dysfunction. Further studies are ongoing to better understand radiation 

mitigation by APC.

3. Conclusions:

Urinary metabolic profiles were used to characterize metabolic perturbations up to 90 days 

following IR, in a partial body irradiation model of adult female WAG/RijCmcr rats. Our 

data show that radiation causes metabolic perturbations some of which are restored by 

systemic repair processes to help achieve homeostasis. However, over time, new metabolic 

changes become apparent that may be suggestive of tissue or organ damage manifesting 

as late toxicities. We further show that administration of recombinant APC may be used 

effectively for alleviation of late tissue toxicities by optimizing the dose and treatment 

regimens.

Supplementary Material
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Figure 1. 
Panel A. Experimental and analytical design of the study. Urine samples collected 

from Wag/RijCmcr female rats that received either sham or 13 Gy of X-Ray radiation 

and processed for LC-MS based metabolomic and lipidomic analyses. Panel B. Three-

dimensional Principal Component Analysis (PCA) plot demonstrating group separation 

between sham and irradiated animals as a function of time, post-irradiation. Panel C. 
Heatmap showing alterations in abundance of urinary metabolites at days 1, 14, 30 and 90 

post-irradiation.
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Figure 2. Volcano plots showing dysregulated urinary metabolites at day 1 (Panel A), day 14 
(Panel B), 1 month (Panel C) and 3-months (Panel D) post-irradiation.
Each dot represents a putative metabolite; statistically significant changes comparing sham 

vs irradiated groups include adjusted p-value (<0.05) on the X-axis and fold change of 

≤ 2 on the Y-axis. Gray: indicates no significant change in metabolite abundance, Red: 

Statistically significant upregulation, Blue: Red: Statistically significant downregulation
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Figure 3. Radiation causes dyslipidemia in rats.
Box-plot showing normalized abundance of broad classes of lipids as a function of time at 

d1, d14, d30 and d90 post irradiated with 13.0 Gy of X-ray. ns = p > 0.05, * = p ≤ 0.05, ** = 

p ≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001.
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Figure 4. 
Mummichog (v2.06) based pathway enrichment analysis results for changes at 90-days post 

irradiation (panel A); 90-days after treatment with human WT APC (panel B); 90-days after 

treatment with rat WT APC (panel C); 90-days after treatment with rat 3K3A APC (panel 

D).
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Figure 5. 
APC treatment results in partial alleviation of metabolic dysregulations at 90 days post-

irradiation (Panels A-D); 14 days (Panels E-F). ns = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, 

*** = p ≤ 0.001 and **** = p ≤ 0.0001.
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