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Abstract: Poly(ADP-ribose) polymerase (PARP) activation often indicates a disruptive signal to lipid metabolism, the physiological altera-
tion of which may be implicated in the development of non-alcoholic fatty liver disease. The objective of this study was to evaluate the 
capability of [68Ga]DOTA-PARPi PET to detect hepatic PARP expression in a non-alcoholic steatohepatitis (NASH) mouse model. In this 
study, male C57BL/6 mice were subjected to a choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD) for a 12-week period to 
establish preclinical NASH models. [68Ga]DOTA-PARPi PET imaging of the liver was conducted at the 12-week mark after CDAHFD feed-
ing. Comprehensive histopathological analysis, covering hepatic steatosis, inflammation, fibrosis, along with blood biochemistry, was 
performed in both NASH models and control groups. Despite the induction of severe inflammation, steatosis and fibrosis in the liver of 
mice with the CDAHFD-NASH model, PET imaging of NASH with [68Ga]-DOTA-PARPi did not reveal a significantly higher uptake in NASH 
models compared to the control. This underscores the necessity for further development of new chelator-based PARP1 tracers with high 
binding affinity to enable the visualization of PARP1 changes in NASH pathology.
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Introduction

Non-alcoholic steatohepatitis (NASH) represents an in- 
flammatory subtype within the spectrum of non-alcoholic 
fatty liver disease. Although NASH can manifest without 
overt clinical symptoms, it can progress to cirrhosis over 
time, leading to significant morbidity and mortality. In the 
United States, the estimated lifetime direct medical costs 
for individuals with NASH reached $222 billion in 2017, 
with a projected increase due to the rising incidence of 
NASH cases [1]. Currently, the gold standard for diagnos-
ing NASH is a liver biopsy, however, its utility is limited by 
its sensitivity and invasiveness [2]. In addition, non-inva-
sive imaging techniques such as MRI and elastography, 
are limited in their ability to accurately diagnose fibrosis in 
patients with NASH. Although various biomarkers can 
offer some predictions of steatosis [3, 4], these alone do 
not possess the capability to consistently gauge the 
extent of the disease, therefore hindering the staging of 
steatosis and assessment of treatment response [2]. 
Thus, the development of novel non-invasive methods to 
accurately detect hepatic steatosis and fibrosis would 
hold significant clinical value.

Poly(ADP-ribose) polymerases (PARPs) are a family of 
enzymes with various functionality. One of their most sig-

nificant functions is the ability to detect DNA damage with 
subsequent synthesis of ADP-ribose polymers which initi-
ates the DNA repair cascade [5]. PARP inhibitors have 
demonstrated their clinical utility in the treatment of can-
cer [6, 7]. PARP1 plays a pivotal role not only in DNA repair 
but also in managing key cellular functions, including 
inflammation. NASH is marked by oxidative stress that 
results in the increased expression and activity of hepatic 
PARP [8]. Furthermore, studies indicate that inhibiting 
PARP or knocking out PARP1 or PARP2 genes can dimin-
ish liver damage, lower triglyceride levels in the liver, and 
reduce fibrosis and inflammation [9]. Additionally, recent 
efforts have led to the development of PARP-based posi-
tron emission tomography (PET) radioligands, such as 
[18F]FluorThanatrace ([18F]FTT) and [18F]PARP-inhibitor 
([18F]PARPi), which have undergone first-in-human imag-
ing studies for quantifying PARP expression levels in 
breast, ovarian, and head and neck cancer patients [10, 
11]. Both of these radioligands derive from FDA approved 
PARP inhibitors. Development of PARP radioligands for 
assessment of pathologies beyond oncology continues to 
be an area of ongoing study [12]. With these advances, 
and the non-invasive yet robust quantitative imaging prop-
erties of PET, we postulated that a PARP-based PET radio-
ligand may be able to detect PARP-induced inflammation 
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Table 1. Radiochemical parameters for the [68Ga]Ga-
DOTA-PARPi (n=3)

Peptide RCY (%) Molar Activity 
(mCi/µmol) Activity (mCi)

[68Ga]Ga-DOTA-PARPi 70 ± 3 316 ± 53 3.1 ± 0.5
Molar activity calculated from starting peptide amount and end 
radioactivity.

in the setting of liver fibrosis and steatosis. In this study, 
we employed a well-established DOTA-PARPi tracer [13], 
to investigate its potential in imaging cellular death in 
NASH mouse models and determining the extent of PARP 
changes in the context of NASH.

Materials and methods

Animal models

C57BL/6 mice were purchased from Charles River La- 
boratories (MA, USA). Mice were then fed the following 
diets for 14 weeks: standard chow (Prolab Isopro 3000; 
Scotts Distributing #8670) and CDAHFD (Research Diets 
A06071302; L-amino acid diet with 60 kcal% fat, 0.1% 
methionine, without added choline). All animals were 
housed in a pathogen-free, temperature-controlled ani-
mal facility with a 12-hour light-dark cycle. All protocols 
were reviewed and approved by the Institutional Animal 
Care and Use Committee of Massachusetts General 
Hospital.

Radiochemistry

68Ga was obtained from a 20 mCi 68Ge/68Ga generator 
(iThemba LAB, South Africa), and eluted with Ultrapure 
0.6 M HCl (6 mL) in fractions of 0.5 mL each. The highest 
activity fraction was used without further processing. The 
DOTA-PARPi was synthesized as described previously 
[13]. All other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO) and used without further process-
ing. Analytical HPLC was performed on a Shimadzu LC-10 
VP system, with a single wavelength UV/VIS detector and 
a gradient of 5-95%, 0.1% TFA in MeCN/0.1% TFA in H2O 
over 10 minutes, with a Phenomenex kinetex 2.6 µm, 
C18, 50 × 4.6 mm column.

[68Ga]Ga-DOTA-PARPi was synthesized as follows: 500 µL 
of 1 M NaOAc (pH 3.87) was added to 500 µL of 68GaCl3 
in 0.6 M HCl and the pH was adjusted to 4-4.5 by addition 
of 400 µL 1 M NaOH. DOTA-PARPi was added (2 mM, 5 
µL, 10 nmol, in 1 M NaOAc), and the reaction mixture was 
incubated at 95°C for 10 min. The reaction was diluted 
with 10 mL of water, trapped onto a Waters C18 light col-
umn, and washed with 10 mL water. The radioactivity was 
eluted with 0.3 mL of EtOH, and the final product was for-
mulated in PBS to under 5% EtOH. The product was con-
firmed by an analytical radio-HPLC.

PET/CT

CDAHFD and control mice were anesthetized with 1-2% 
isoflurane/air (v/v), and injected with [68Ga]Ga-DOTA-
PARPi (34-46 µCi, saline and <5% EtOH) via a tail vein 
catheter. Subsequent dynamic PET scanning over 60 min-
utes was performed on a G4 system (Sofie, VA) in a 3D list 
mode and the reconstruction of the dynamic PET images 
was performed using the manufacturer’s software. Time-
activity curves are presented as standardized uptake 
values.

Histopathological analysis

At the end of the feeding period, mice were weighed and 
euthanized. The livers were then carefully removed, 
weighed, and divided. Portions were promptly frozen in 
liquid nitrogen for subsequent protein and biochemical 
analyses, while others were preserved in 10% neutral-
buffered formalin for histopathological examination. The 
liver tissue was further processed by embedding it in par-
affin. Sections of 5 µm thickness were cut from the paraf-
fin-embedded tissues and subjected to staining with  
H&E (Sigma, St. Louis, MO) or Sirius red F35B (Sigma, St. 
Louis, MO). Examination and analysis were performed 
using light microscopy.

Western blot

Protein samples were prepared using RIPA buffer with a 
protease inhibitor cocktail (Sigma, St. Louis, MO). 
Subsequently, the proteins were separated via SDS-PAGE 
and transferred onto a PVDF membrane. Primary antibod-
ies employed included Rabbit anti-mouse PARP-1 (Cell 
Signaling Technology, Beverly, MA) and mouse anti-β-
actin (Sigma, St. Louis, MO). For secondary antibodies, 
horseradish peroxidase (HRP)-conjugated enhanced che-
miluminescence (ECL) donkey anti-rabbit IgG and HRP-
conjugated ECL sheep anti-mouse IgG (GE Healthcare, 
Pittsburgh, PA) were used. The blots were then subjected 
to a chemiluminescence assay utilizing the Amersham 
ECL Western blotting detection kit (GE Healthcare, 
Pittsburgh, PA).

Results
Radiochemistry

The DOTA-PARPi was radiolabeled with 68Ga in a one-step 
process with the radiochemical parameters detailed in 
Table 1 and Figure 1A. A fractionated 68Ga elution from a 
68Ge/68Ga generator was employed. The resultant [68Ga]
Ga-DOTA-PARPi underwent analysis via analytical HPLC 
and was cross-validated by spiking with a standard, as 
depicted in Figure 1B, to confirm the identity of the 
product.

In vitro evaluation of DOTA-PARPi and PARP1

The inhibitory effect of DOTA-PARPi on PARP1 was deter-
mined by an IC50 experiment, as illustrated in Figure 1C. 
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the expression of PARP1 in both control and NASH mod-
els was normalized to β-actin. The results demonstrated a 
significant 5.2-fold increase in PARP1 expression in the 
NASH model compared to the control group (P<0.01).

In vivo imaging

In vivo imaging was conducted on NASH mouse models 
subjected to a CDAHFD diet. Age-matched mice on a regu-
lar diet were employed as control groups. The imaging 
protocol involved the injection of [68Ga]Ga-DOTA-PARPi, 
followed by a dynamic PET scan spanning 60 minutes. 
The PET data, as illustrated in Figure 4, revealed that the 
area under the curve (AUC) does not exhibit significant  
differences compared to the AUC of control mice. This 
observation suggests that [68Ga]Ga-DOTA-PARPi is not 
suitable for monitoring PARP changes in the CDAHFD 
NASH models.

Discussion

PARP enzymes, recognized for their critical role in DNA 
repair mechanisms, have been implicated in additional 
biological processes beyond cancers, such as managing 
oxidative stress, maintaining mitochondrial functionality, 
and regulating intermediary metabolism [14, 15]. These 
processes are notably implicated in the pathogenesis of 

In the experiment, PARP1 was subjected to a 2.5 µM 
NAD/2.5 µM NAD-biotin mixture, and its activity was  
measured against increasing concentrations of DOTA-
PARPi. Activity was quantified using a PARP1 chemilumi-
nescence assay kit (BPS number 80551) and olaparib as 
a positive control (IC50=0.51 nM). The IC50 of DOTA-PARPi 
was determined to be 9.2 nM, indicating its potency on 
PARP1 activity (Figure 1C).

Liver histopathology in CDAHFD-fed mice

Validation of the mouse NASH models was carried out 
through histology staining. Hematoxylin and eosin (H&E) 
staining revealed evident steatosis, distinct hepatocyte 
ballooning, and lobular inflammation, as illustrated in 
Figure 2A. Fibrosis was further confirmed using Sirius red 
staining, where collagen fibers are depicted in red. The 
extent of fibrosis observed was severe, indicating the 
presence of clear NASH with fibrosis in the model (Figure 
2B).

Hepatic expression of PARP1 in CDAHFD-fed mice

The alteration in PARP1 levels in NASH liver tissue was 
assessed through western blotting of homogenized liver 
tissue from NASH mice and control mice, as depicted in 
Figure 3. β-actin served as the housekeeping gene, and 

Figure 1. A. Conditions for labeling of DOTA-PARPi with 68GaCl3. B. HPLC chromatogram of the spiked analytical sample. C. IC50 determina-
tion of DOTA-PARPi towards PARP1, evaluated from NAD+ activity.
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Figure 2. A. HE and Sirius Red staining of control mice liver tissue and NASH mice liver tissue (Scale bar 200 µm, original magnification 
×20). B. Normalized Sirius Red intensity obtained from A. Data are presented as the mean ± standard error of the mean. **P<0.01 
compared with the control group. 

Figure 3. Protein level of PARP1 in the livers of control and choline-deficient, L-amino 
acid-defined, high-fat diet (CDAHFD)-fed mice.

NASH [9, 16]. Earlier findings have highlighted the induc-
tion of PARP in cirrhotic conditions and the therapeutic 
benefits of PARP inhibition in liver fibrosis models. By 
employing a NASH mouse model, induced either by a 
high-fat diet or by diets lacking methionine and choline, 
previous studies have demonstrated that a high-fat diet 
correlated with increased PARP1 expression [17]. In con-
trast, treatment with PARP inhibitors was observed to 
mitigate liver damage, steatosis, metabolic imbalances, 
and inflammatory and fibrotic responses in these models. 
With overexpression of PARP in these physiological condi-
tions, we hypothesized that a novel PARP PET tracer 
would be a useful molecular imaging tool in monitoring 
cellular death in the progression of NASH. 

PET is a widely used physiological imaging technique 
employed in healthcare for diagnostic purposes. The 
most prevalent radiotracers for PET imaging are those 
that are utilized for tissue metabolism such as [18F]fluoro-

deoxyglucose ([18F]FDG). However, these 
tracers tend to be non-specific to the dis-
ease processes in question and may be 
masked by physiological uptake by sur-
rounding tissue. The development of PET 
tracers that bind to markers specific of a 
disease process is an area that is cur-
rently under investigation. In the context 
of the well-established role of PARP1 as a 
mediator of liver inflammation [18], a PET 
tracer specifically targeting PARP aligns 
seamlessly with this thematic focus. One 

of the most prominent PARP specific radiotracers includes 
[18F]FTT which has been studied in a variety of oncologic 
models and is currently under early phase clinical investi-
gation [19-21]. Additionally, there are several PARP based 
radiotracers that derive their structure from FDA-approved 
PARP inhibitors and are currently under investigation as 
diagnostic tools in various disease sites. As an example, 
[18F]FTT derives its structure from rucaparib, and had pre-
clinical validation as well as early phase I/II evaluation for 
patients with breast and ovarian cancer. Radiolabeled 
Olaparib has been studied in ovarian cancer, glioblasto-
ma, and pancreatic cancer [22-24]. In a similar vein, 
18F-PARPi, which derives from Olaparib, has been studied 
in various clinical models [11, 25]. In contrast to well-
established small molecule PARP PET ligands with vali-
dated imaging efficacy in both preclinical and clinical 
studies, we selected a chelator-based [68Ga]Ga-DOTA-
PARPi for our investigation for the following reasons. Our 
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primary objective is to detect changes in PARP1 expres-
sion and distribution in a preclinical model of NASH. The 
prevalent issue with most small molecule based PARP 
tracers lies in their tendency to exhibit high background 
activity in primary metabolic organs, such as the liver, 
small intestine, and kidneys - common routes of elimina-
tion in the body. This poses a potential confounding factor 
when attempting to distinguish subtle radioactive signal 
changes, particularly with our focal area of interest, the 
liver. To address this concern, we intentionally selected a 
chelator-based PARP ligand, specifically [68Ga]Ga-DOTA-
PARPi. This choice is underpinned by its favorable renal 
clearance and resulting low non-specific imaging back-
ground in the liver. These inherent characteristics would 
enable us to precisely identify subtle uptake changes 
through PET imaging in our preclinical models. Fur- 
thermore, due to the exploratory nature of our work, a vali-
dated tracer, such as DOTA-PARPi validated in oncology 
models, could be easily adopted in our study without 
modifying other molecular properties. DOTA-PARPi exhib-
ited a favorable inhibitory concentration of 9.2 nM, ren-
dering it suited for utilization as a radioactive tracer in our 
pilot study.

The synthesis of the tracer [68Ga]Ga-DOTA-PARPi was 
achieved with high yield, enabling our subsequent imag-
ing studies. In vivo imaging utilizing [68Ga]Ga-DOTA-PARPi 
was conducted to assess its potential as a molecular 
imaging tool for non-alcoholic steatohepatitis (NASH). 
This study included two cohorts: one comprising mice on 
a choline-deficient, L-amino acid-defined, high-fat diet 
(CDAHFD), which induces NASH, and a control group of 
mice on a standard diet. Both groups were age-matched 
to ensure consistency in developmental factors that could 

influence PET imaging results. Validation of the NASH 
model was conducted through HE and Sirius red stain- 
ing of histology slides, revealing evident fibrosis in NASH 
mice and its absence in the control group. It is worth high-
lighting that PARP1 expression was significantly upregu-
lated (greater than five-fold) in the NASH model compared 
to the control, confirmed by Western blotting analysis. 
These results provided the biological evidence and 
reflected the substantial PARP1 expression level differ-
ence in the fibrosis models. 

The dynamic PET scans were performed over a span of 60 
minutes post-injection of the tracer. From PET imaging 
results, we observed favorable low background uptake in 
the normal liver tissues and relatively high bladder uptake, 
which indicated rapid washout of the radiotracer primarily 
through renal clearance. This advantageous clearance 
profile may help reduce non-specific background uptake 
in the liver during the NAFLD. The quantitative analysis of 
the PET imaging, as illustrated in Figure 4, reveals that 
the tracer uptake, expressed as the area under the time-
activity curve (AUC), shows no significant distinction bet- 
ween the NASH-induced mice and the controls. This is an 
unexpected result, as tracers in PET imaging are typically 
anticipated to display differential uptake in diseased ver-
sus normal tissues. The lack of significant AUC difference 
implies that [68Ga]Ga-DOTA-PARPi does not have the 
specificity required to act as an effective imaging bio-
marker for NASH in this context. For a more comprehen-
sive interpretation, it would be beneficial to compare 
these findings with reported tracers known for their effec-
tiveness in NASH imaging. For example, tracers that tar-
get ([18F]Alfatide, targeting integrin avβ3) specific fibrosis 

Figure 4. PET acquisition data for [68Ga]Ga-DOTA-PARPi. A. Representative images from PET. Images are transverse, dorsal and side-
views going from left to right. B. Quantification of the PET data over time. n=2 pr. Group.
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pathways or inflammation associated with NASH could 
provide a contrasting reference point [26]. It is notable 
that [18F]Alfatide showed increased uptake in diseased 
liver tissue due to the altered fibrosis or inflammation 
characteristic of NASH. 

To guide future studies, pharmacological and physio-
chemical properties of [68Ga]Ga-DOTA-PARPi relative to 
successful NASH tracers have been analyzed to provide 
insights into the design of more effective PET probes for 
imaging NASH. In general, small molecule based PARP 
tracers demonstrated superior binding affinity and/or 
potency to chelator based counterparts. Imaging of NASH 
with [68Ga]Ga-DOTA-PARPi did not exhibit a significantly 
higher uptake in the NASH model compared to the con-
trol, potentially due to low binding affinity to PARP1 in vivo. 
Additional factors such as lipophilicity and metabolic sta-
bility are also key differentiators that could influence trac-
er uptake and retention in NASH-affected tissue. Sub- 
sequent medicinal chemistry optimization is imperative to 
enhance the ligand sensitivity of next generation [68Ga]
Ga-DOTA-PARPi PET probes while maintaining its elimina-
tion pathway, to monitor PARP1 changes in the liver. 

Conclusion
In summary, DOTA-PARPi demonstrated satisfactory bind-
ing to PARP1 and was successfully radiolabeled with 68Ga 
in a straightforward process with high yield. Although our 
biological hypothesis, validated by Western blotting, con-
firmed the upregulation of PARP1 in the NASH disease 
model mice, the tracer [68Ga]Ga-DOTA-PARPi did not 
detect significant changes in liver uptake and retention. 
Ongoing medicinal chemistry efforts aim to enhance bind-
ing affinity while maintaining the chelator-based tracer 
design, contributing to a favorable renal clearance profile 
and low non-specific background uptake in the liver.
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