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Abstract: Cardiorenal syndrome (CRS) denotes the bidirectional interaction of chronic kidney disease
and heart failure with an adverse prognosis but with a limited understanding of its pathogenesis.
This study correlates biochemical blood markers, histopathological and immunohistochemistry fea-
tures, and 2-deoxy-2-fluoro-D-glucose positron emission tomography (18F-FDG PET) metabolic data
in low-dose doxorubicin-induced heart failure, cardiorenal syndrome, and renocardiac syndrome
induced on Wistar male rats. To our knowledge, this is the first study that investigates the underlying
mechanisms for CRS progression in rats using 18F-FDG PET. Clinical, metabolic cage monitoring,
biochemistry, histopathology, and immunohistochemistry combined with PET/MRI (magnetic reso-
nance imaging) data acquisition at distinct points in the disease progression were employed for this
study in order to elucidate the available evidence of organ crosstalk between the heart and kidneys.
In our CRS model, we found that chronic treatment with low-dose doxorubicin followed by acute 5/6
nephrectomy incurred the highest mortality among the study groups, while the model for renocardiac
syndrome resulted in moderate-to-high mortality. 18F-FDG PET imaging evidenced the doxorubicin
cardiotoxicity with vascular alterations, normal kidney development damage, and impaired function.
Given the fact that standard clinical markers were insensitive to early renal injury, we believe that
the decreasing values of the 18F-FDG PET-derived renal marker across the groups and, compared
with their age-matched controls, along with the uniform distribution seen in healthy developing rats,
could have a potential diagnostic and prognostic yield in cardiorenal syndrome.

Keywords: cardiorenal syndrome; animals; PET; MRI; histopathology; immunohistochemistry

1. Introduction

Cardiorenal syndrome (CRS) is an intricate clinical condition where chronic kidney
disease (CKD) and heart failure (HF) coexist and evolve by system crosstalk, and the failure
of one organ accelerates the progression of structural damage and failure in the other
organ. When the acute or chronic malfunction of the left ventricle co-evolving with acute
or chronic renal disease, the emerging clinicopathological entity is classified as CRS, and
it leads to the progressive deterioration of both systems resulting in high morbidity and
mortality [1]. Five subtypes of CRS have been identified [2] and are briefly described as
type 1 and type 2, where acute/chronic cardiac dysfunction leads to acute kidney injury;
type 3 and type 4 are where acute/chronic kidney dysfunction precedes and contributes
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to the development of cardiac injuries; and type 5 is defined as simultaneous heart and
kidney dysfunction due to acute or chronic systemic condition.

Experimental models play a crucial role in analyzing the complex interplay between
the heart and the kidney in evolving disease procession [3].

In 2015, type 4 CRS was induced by Chang et al. [4] on male Sprague Dawley rats by
subtotal nephrectomy in two steps: initial kidney injury by first removing the entire right
kidney and, one week later, by resecting two-thirds of the left kidney. The authors synthe-
sized and used, for the first time, a dual-modality magneto-fluorescent nanoparticle agent
to detect cardiac inflammation and monitor the therapeutic efficacy of anti-inflammatory
treatment by MRI and optical imaging. The MRI, optical imaging, and histopathological
results revealed essential pathophysiological changes in myocardial inflammation in the
progression of type 4 CRS [4]. Chuppa et al. [5] observed the miR-21-5p expression changes
throughout the development of cardiac pathology in the 5/6 nephrectomy model of type 4
CRS on male Sprague Dawley rats. According to the obtained results, miR-21-5p was recog-
nized as a mediator of left ventricular remodeling and dysfunction through its regulation
of peroxisome proliferator-activated receptor-α (PPARα). In 2018, the first renal proteomic
analysis of type 2 CRS changes was made on experimental chronic HF models induced in
male Wistar rats using an aortocaval fistula. The analysis identified and quantified almost
4000 proteins and established the role of intrarenal angiotensin-II signaling along with sev-
eral other potential participants, such as the receptor for advanced glycation end products
(RAGE), Periostin, Caveolin-1, von Willebrand factor and Galectin-3 on HF-induced kidney
injury [6]. The role of Wnt/b-catenin signaling as a common pathogenic mediator of heart
and kidney injury was investigated on the type 2 CRS model induced by transverse aortic
constriction (TAC) on male C57BL/6 mice. At 8 weeks, after TAC, a cascade of events such
as cardiomyocyte hypertrophy, inflammation, and kidney fibrosis, were present, along with
impaired cardiac function, confirmed by echocardiography. The authors considered that,
by targeting this pathway, both organs could be protected from progressing to CRS [7]. A
similar model of CRS, as the one used in our study, was developed by 5/6 subtotal nephrec-
tomy and doxorubicin treatment on male Sprague Dawley rats and was used to evaluate
the role of early administration of empagliflozin on heart function preservation. Cell cul-
ture and in vitro studies were combined with functional cardiac ultrasound assessment,
plasma creatinine levels, qualitative analysis of kidney injuries by immunohistochemical
and immunofluorescent staining, and histopathological findings in order to demonstrate
that empagliflozin therapy preserved heart and renal function and inhibited left ventricular
remodeling through the inhibition of molecular-cellular perturbations [8].

Taking into consideration the knowledge disclosed so far by experimental studies
in CRS, it appears that a consensus is building around the paradigm of increased ox-
idative stress, the generation of oxygen reactive species (ROS), increased inflammation,
and cellular apoptosis [9]. Additionally, previous studies on doxorubicin-induced car-
diotoxicity revealed severe cellular injuries, increased inflammation, oxidative stress,
cellular apoptosis or fibrosis, deoxyribonucleic acid (DNA) lesions, and mitochondrial
dysfunctions [10]. These cellular alterations are increasingly recognized and underlined
in doxorubicin-induced nephropathy as well [11]. Cardiac dysfunction can be examined
from the standpoint of a 5/6 nephrectomy model that replicates clinical cardiac uremic
syndrome [12].

Currently, despite the different imaging methods for single-photon emission computer-
ized tomography (SPECT) and MRI being established for CRS pathophysiology assessment,
the ability to accurately evaluate vascular alterations has been limited. 18F-FDG PET is
a widely accepted tool in clinical practice for myocardial viability studies in coronary
syndromes [13], cardiac inflammation [14], prosthetic valve infections [15], and in guiding
revascularization decisions in ischemic heart failure [16], mirrored by preclinical analysis
in myocardial glucose metabolism estimations and therapeutics testing [17]. Due to the
excretion route of this tracer, kidney applications are lacking in the clinical arena [18–21],
and its’ main uses are restricted to preclinical studies [22–28]. Recently [29], PET with the
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specific CXCR4 ligand 68Ga-Pentixafor was performed after myocardial infarction in mice,
and the images revealed a tight inflammatory interaction between the myocardium and
the kidneys as secondarily affected organs after primary cardiac injury. In a translational
approach, cardiac CXCR4-directed PET imaging also outperformed the established clinical
parameters in identifying patients at increased risk for worsening renal function, which
could bear potential for the image-based guidance of renoprotective strategies early and
after acute myocardial infarction.

Our aim was to study the relationships between routine biochemical blood markers,
histopathological features, and 18F-FDG PET metabolic data in the setting of a progres-
sive heart and kidney failure animal model. To our knowledge, this is the first study
that investigates the underlying mechanisms for CRS progression in Wistar rats using
18F-FDG PET.

2. Results
2.1. Clinical and Biochemical Characteristics

Over the observation period, L2 and L3 individuals displayed moderately blunted
weight gain patterns with a tendency toward the reduction in growth rates, whereas L4
had an increasing pattern of weight gain, entering a plateau after the first week of the
doxorubicin regimen (Figure 1a,b). Metabolic cage monitoring resulted in the reduction in
food and water intake for the L3 and L4 groups, while their urinary and stool output did
not differ. In contrast, L2 individuals manifested a tendency for the increased input of rat
chow, while water intake was similar to the control group, albeit the latter had an increased
variation (Figure 1c).
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Figure 1. Clinical monitoring by body weight (a,b) and metabolic cage (c) where doxorubicin toxicity
became apparent in L2 and L3 groups by reducing growth rate and influencing eating behavior, while
in L4 rats an increase in growth rate despite reduced food and water intake was observed.
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Concerning serum urea and creatinine levels, we observed marked elevations only for
the L4 group (Figure 2a,b). Urinary NGAL values for L2 individuals were similar to the
L1 group, while L3 and L4 were several folds higher than the control (Figure 2c), whereas
NT-proBNP did not show elevations across the groups (Figure 2d). Hence, it seems that
the L3 group, doxorubicin-treated with delay, manifested biochemical evidence of tubular
damage but no glomerular impairment, whereas L2 rats, doxorubicin-treated without delay,
lacked any sign of renal injury at the moment of measurement (the end of the study). In
comparison to all other groups, L4 subjects displayed clear evidence of both glomerular
and tubular damage.
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Figure 2. Serum biochemical parameters, as a snapshot taken at end of study, disclosing an apparent
lack of doxorubicin renal (a,b) and cardiac toxicity (d), while the urinary tubular marker NGAL
(c) differentiates between early and delayed doxorubicin-treated rats, as well as for renocardiac group.

2.2. Histopathology and Immunohistochemistry Evaluation

On the qualitative examination of stained myocardial slides, we noticed progressive
alterations in the tissue structure for the L2, L3, and L4 groups, in contrast to the control
group, with foci of necrosis, dissolution of intracytoplasmic myofibrils, and cardiomyocytes
with intracytoplasmic vacuolization (Figure 3). Additionally, the observed histological
modifications were closely followed by the immunohistochemistry markers evaluation for
genotoxicity, apoptosis, and fibrosis.

In renal specimens, group membership was better predicted by distinct profiles of
the lesion involvement and extent. While the L2 group subjects displayed a few foci
of glomerular and tubular sclerosis, some hyaline casts, and collecting tubule ectasia,
the L3 and L4 groups presented a greater extent of glomerular sclerosis with areas of
vacuolization and proteinaceous deposits (Figure 4). Additionally, the tubular system
exhibited an increased magnitude of luminal effacement, hyaline casts, and connective
tissue proliferation, particularly in medullary regions. Immunohistochemical staining
for genotoxicity, apoptosis, and fibrosis in the affected areas demonstrated an increasing
involvement in the glomeruli and tubules across the groups (Figure 4).
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Figure 3. Cardiac histopathology, with representative slides for each group, demonstrates progressive
lesions with focal necrosis, disorganization of myofibrils and intracytoplasmic vacuolization with
close matching of immunohistochemistry markers of genotoxicity, apoptosis, and fibrosis (left panels,
scale bar = 20-50-50-50 µm, middle panels, scale bar = 50-50-200-50 µm and 500-50-200-50 µm and
right panels, scale bar = 200-50-50-500 µm; 10-20-100×magnification).

2.3. MRI Organ Volumetry

A distinct observation could be made with regard to the evolution of the renal volumes
throughout the study (Figure 5a). Organ measurements were conducted at the end of
the study period of each group, with renal volume estimation by approximation with
an ellipsoid. Compared to L1 (1590 mm3), measured at 14 weeks of life, the L2 group
(1480 mm3), measured at 20 weeks (after 6 weeks of doxorubicin exposure), displayed not
only a blunting in the normal growth trajectory of kidney volume but also a regression
when compared to the age control rats (2101 mm3). However, in the case of L3 rats
(measured at 26 weeks), considered delayed doxorubicin-treated, there was an apparent
recovery in kidney growth, which we hypothesized was based on the increasing fibrosis
and accumulation of immune cells.
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Figure 4. Renal histopathology slides point to progressive toxicity across groups, with increasing
areas of glomerular sclerosis and tubular atrophy paralleled by an increased density of expression for
genotoxic, apoptosis, and fibrosis markers (left panels, scale bar = 20-50-50-50 µm, middle panels,
scale bar = 200-50-50-50 µm and 500-50-50-50 µm and right panels, scale bar = 500-50-50-50 µm;
10-20-100X magnification).
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Figure 5. (a) Influence of doxorubicin on kidney volumes right after completion of the 6 weeks course
(L2) and after another 6 weeks from regimen termination (L3) and their age-matched counterparts;
(b) Pre-scan blood glucose levels within acceptable range for 18F-FDG PET study (<200 mg/dL), with
a tendency towards the upper limit for cardiorenal rats.

2.4. PET Data

As a gross index of glucose homeostasis, the circulating levels of blood glucose were
measured immediately before radiotracer administration when the rat was already under
isoflurane anesthesia for at least 20 min. Despite several studies [30] proving isoflurane’s
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effect on increasing glycemic levels, in our data, only the L3 group rats displayed a tendency
toward higher levels (Figure 5b).

Another aspect to be taken into account was the site of the radiotracer administration
and the shape of the blood time–activity curve. During preliminary data analysis, we
observed in some of the rats a persistently ascending curve of the vascular ROI without any
sign of flattening by the end of the scan duration. This behavior in radiotracer distribution,
in conjunction with the observations made by Tse et al. [31], led us to the supposition of a
local tail depot effect, and the PET data analysis for these rats was discarded.

It must be noted, as a perspective for future studies, that a glucose tolerance test would
give additional insights on glucose homeostasis since anesthesia has been shown to affect
blood glucose levels.

2.4.1. Static Data

As a first step for the analysis of PET data, we chose to partition it into three static
frames, corresponding to an early perfusion-dominated phase (0–5 min), an intermediate
(15–20 min), and a late uptake-dominated phase (35–40 min). The blood normalized SUV
values for the skeletal muscle and liver demonstrated no difference in the uptake across
all time spans and groups, except for the first phase in the liver, where a tendency for a
decreased distribution of 18F-FDG was observed (Figure 6) when compared with the other
two uptake phases, intermediate and late, respectively. The relative consistency of these
two PET markers can be seen as an internal control for the glucose metabolism steady state.
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Figure 6. Static 18F-FDG PET target organ SUV normalized to blood for TP1 (a), TP2 (b), and TP3 (c)
and also as a proxy for renal output with kidney pelvis SUV normalized to kidney cortex (d).

Regarding target organ metabolic activity, myocardium uptake was similar for the L1
and L2 groups throughout these intervals, while the L3 group had an almost 2-fold increase
and L4 had a 1.5-fold increase compared to L1 at the last sampled interval (Figure 7 for TP2
and TP3).



Int. J. Mol. Sci. 2022, 23, 15409 8 of 22Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 24 
 

 

 

Figure 7. Heart and liver close-ups in parametric maximal intensity projection images with 

voxel-wise normalization to blood SUV, depicting different behaviors of 18F-FDG according to time 

interval and group (Note: the orange-red and yellow color represents the highest uptake regions, 

blue and green colors show areas of decreased metabolic activity). 

Renal cortical metabolic activity manifested a peculiar behavior, with a first-phase 

decrease in the distribution of radiotracer in L4 individuals compared to all other groups, 

followed by a marked elevation in the intermediary phase for L3 and L4 (Figure 8 for TP1 

and TP2). By the time of the uptake-dominated phase, these alterations were reversed to 

the level of the L1 and L2 groups (Figure 8 for TP3). As a proxy for the renal function, the 

renal output was viewed as the pelvis normalized to cortical tracer concentration (Figure 

6d) and displayed a relatively stable pattern across time intervals and groups, with the 

notable exception of L4 rats, in whom the output marker was severely blunted. 

Figure 7. Heart and liver close-ups in parametric maximal intensity projection images with voxel-
wise normalization to blood SUV, depicting different behaviors of 18F-FDG according to time interval
and group (Note: the orange-red and yellow color represents the highest uptake regions, blue and
green colors show areas of decreased metabolic activity).

Renal cortical metabolic activity manifested a peculiar behavior, with a first-phase
decrease in the distribution of radiotracer in L4 individuals compared to all other groups,
followed by a marked elevation in the intermediary phase for L3 and L4 (Figure 8 for TP1
and TP2). By the time of the uptake-dominated phase, these alterations were reversed to the
level of the L1 and L2 groups (Figure 8 for TP3). As a proxy for the renal function, the renal
output was viewed as the pelvis normalized to cortical tracer concentration (Figure 6d)
and displayed a relatively stable pattern across time intervals and groups, with the notable
exception of L4 rats, in whom the output marker was severely blunted.
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Figure 8. Renal close-ups in parametric maximal intensity projection images with voxel-wise normal-
ization to blood SUV, depicting different behaviors of 18F-FDG according to time interval and group.

2.4.2. Dynamic Data, Early Patlak on 1 s Reconstruction

Plotting the time–activity curves for each region, distinct periods of linearity could be
observed, with each tissue’s corresponding plot with its own peculiarities. The cortex and
medulla both had, in the first non-zero activity frames, a region of sharp linear increase that
reached the peak, followed by a region that could be approximated as an exponential decay.
The pelvis had in its first 60 s an exponential increase, a peak, and then an exponentially
decreasing curve (probably a spillover artifact), followed by a linear increase that was of
higher amplitude and with a higher peak. After this higher peak had been reached, the
curve became highly non-linear, with particular shapes for each individual and with an
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overall decreasing tendency. The liver curve started with a long period of linearity, reaching
the peak usually 1 min after the tracer administration.

The slope of the linear regression was used to devise a marker for each aorta-dependent
tissue (Figure 9). Since for the cortex (Figure 9A) and medulla (Figure 9B), the slope of the
Patlak plot was linear in the first few seconds of tissue activity, this marker would translate
in physiological terms as a vascularization analog. For the pelvis (Figure 9C), on average,
the analyzed region was about 60 s after the tracer administration, which would correspond
to the beginning of urinary excretion, and would be a marker of the renal urinary FDG
extraction rate. The liver marker (Figure 9D) was used as the control within each group and
also for group comparisons. These distinct periods of linearity were found to be present
in each of the subjects’ analyzed data and were used to extract the Ki as the slope of the
linear regression. The obtained results are presented in Figure 10. This allowed for a strong
differentiation between the groups, and a sizable difference when comparing L1, L2, L3,
and L4 between them and with their corresponding age control individuals, respectively.
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L1 and the healthy age control groups presented almost equal values when regarding
the liver marker (Figure 10c), which we used as an internal control for the employed
method. In contrast, L2, L3, and L4 presented a general value decrease with regard to the
cortical (Figure 10a), medullary (Figure 10b), and pelvic markers (Figure 10f), as also seen
in the ratio of these tissues (Figure 10d,e), from their respective age controls.

2.4.3. Dynamic Data and Compartmental Model

This task of deriving specific 18F-FDG net uptake rates (Ki) from time–activity curves
was approached by means of compartmental modeling for the early non-linear phase of the
tracer distribution. Skeletal muscle Ki in the L3 group was in the upper range of the control
and L2 groups, whereas for L4, the 18F-FDG uptake rate had a 3-fold increase (Figure 11a).
In the case of the liver, L3 rats did not differ from the control, while the wide distribution of
L2 values was surpassed only by the L4 group (Figure 11b). The net influx rate for the heart
muscle mirrored the pattern of distribution seen in static data across the groups (Figure 11c).
In contrast, the Ki for renal cortex in L3 did not reflect the intermediary phase increase
noticed in the static data analysis, whereas this seems not to be the case for the L4 group
(Figure 11d). In an attempt to delineate the possible distinct tracer handling by the renal
parenchyma, the cortical was separated from the medullary region, and while medullary
Ki values were generally lower, the between-group patterns did not differ (Figure 11d,e).
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internal control organs, namely skeletal muscle (a), liver (b), myocardium (c), renal cortex (d) and
renal medulla (e).

3. Discussion

In conditions of normoxemia and normal substrate availability, the myocardial muscle
relies heavily on fatty acid oxidative metabolism with moderate contributions from aerobic
glycolysis and intermediary products such as lactate and ketone bodies [32,33]. In response
to chronic contractile failure, this metabolic redundancy pays off since an increase in
oxidative glycolysis provides a global improvement in energetic efficiency by about 30%.
Heart failure studies, in both rodent [34] and human subjects [35], are consistently pointing
to a progressive transition from fatty acid β-oxidation to glucose and ketone bodies as
the preferred substrates for energetic needs, but also for defending against free radical
species generated.

Doxorubicin is a cationic drug that binds with high affinity to cardiolipin (a phospho-
lipid), forming an almost irreversible complex in the inner mitochondrial membrane [36].
The evidence suggests that it disrupts the cardiolipin–protein interface, causing the for-
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mation of several reactive oxygen species [36]. In turn, these free radicals damage the
mitochondrial function and result in altered energy metabolism [37]. Moreover, reac-
tive oxygen species alter normal calcium homeostasis by disrupting the function of the
sarcoplasmic reticulum [38]. At the same time, doxorubicin inhibits the opening of the
sodium-calcium channels in the plasma membrane, leading to mitochondrial dysfunction
and apoptosis [38]. The administration of doses above 1 mg/kg results in a lower survival
rate and classic dilatative cardiomyopathy signs [39]. Nephrotoxicity and hepatotoxicity
are also significant side effects in addition to the well-known cardiotoxicity, and this fact
imposes certain limitations on the clinical use of doxorubicin [40–42].

As a measure of general toxicity, the growth trajectories of L2 and L3 rats and
doxorubicin-treated groups, when compared to the controls, are almost in superposition,
but their growth rate is shifted toward the lower end of the distribution seen in healthy rats,
suggesting an effect of developmental stunting. It is well known that a cumulative dosage
of up to 12 mg/kg of doxorubicin demonstrates a spectrum of body weight alterations after
exposure, depending on the dose, rate, and formulation of the agent. The dosing schedule
applied in our study, of 1 mg/kg twice per week for 6 weeks [20], seems to have a minimal
impact on general growth, in agreement with the findings of Storm et al. [43].

In cultured cardiomyocytes [44] and in vivo [45], doxorubicin-induced oxidative stress
is reflected by the activation of apoptotic transcriptional networks and the downregulation
of mitochondrial biogenesis markers, PGC-1α and PGC-1β. In a rat model similar to
this study [8], a link between Na-dependent glucose transporter (SGLT) inhibitors, em-
pagliflozin, and the reduction in cell apoptosis/mitochondrial dysfunction suggest the
adverse role of anaerobic glycolytic pathways in the CRS syndrome. As markers of myocar-
dial ventricular stress, natriuretic peptides (e.g., NT-proBNP) provide an early, preclinical
index of ventricular dysfunction and a sensitive tool in clinical practice for discriminating
heart failure severity [46]. Under the conditions of our study, we did not observe any
marked departures of NT-proBNP serum levels in L2 and L3 groups or doxorubicin-only
treated rats in comparison to control rats. This finding is in contrast to other rat studies
using similar doxorubicin regimens [20], and since other tests (growth rate, metabolic cage
monitoring, pathology examination, and 18F-FDG PET imaging) are indicative of myocar-
dial alterations, we envision two possible explanations. One of these could be related to
assay reliability, but the standard curves were in agreement with the kit manufacturer’s
specifications. A second potential explanation could claim a lack of sufficient volume
overload on the ventricular walls [47,48].

Rodent model studies [49], but also human biopsies for chronic kidney disease [50],
provide evidence for dysfunctional mitochondrial oxidative processes and the up-regulation
of glycolytic pathways, mainly in response to alterations in oxygen diffusion due to tubu-
lointerstitial fibrosis. Despite the extensive proof of doxorubicin-induced nephrotic syn-
drome pathology in rodent studies and the progression of chronic kidney disease as a
function of time, conventional serum markers (creatinine, urea) are highly dependent
on doxorubicin dosage, the schedule of administration, timing of blood sampling, and
nutritional composition of food [51]. Within the dosing regimen used in the present study,
with a cumulative dose of 12 mg/kg over 6 weeks, serum creatinine and urea, as mark-
ers of glomerular filter injury, did not present any deviations from the control group
in doxorubicin-only treated rats, only in those pre-treated by 5/6 nephrectomy. These
observations are in agreement with other preclinical studies using similar doxorubicin
regimens [52].

Conversely, in the case of the renal tubular injury marker, neutrophil gelatinase-
associated lipocalin increased urinary levels measured in L3 versus L2 individuals, suggest-
ing a time-dependent process of tubular toxicity based on the slow excretion pharmacoki-
netics and tissue biodistribution of doxorubicin [53]. In a similar vein, the lack of difference
between L2 and the control rats implies the existence of a necessary renal cumulative dose
threshold for progression to actual tubular epithelial injury [54].
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Following renal mass reduction by subtotal nephrectomy, tissue pathology examina-
tions exposed the relationship between hemodynamically modified nephrons and chronic
renal injury [55]. After subtotal nephrectomy, the synthesis and storage of intraglomerular
renin were increased in glomeruli and areas adjacent to the infarct site [56]. The proteomic
analysis of the particular 5/6 nephrectomy model we employed demonstrates the down-
regulation of mitochondrial oxidative enzymatic networks with the increased turnover of
mitochondria. Moreover, plasma and urinary metabolomic studies [57] are consistent in
proving an increased metabolic disorder in this model of chronic kidney disease.

The simultaneous induction of a cardiorenal syndrome rat model leads to the sig-
nificant additive damage of doxorubicin to the renal function under 5/6 nephrectomy
conditions, shortening the time course to overt proteinuria and severe tubulointerstitial
fibrosis [58]. In our study and in contrast to the L3 group, the additive effect of doxorubicin
in L4, 5/6 nephrectomy pretreated rats was observed, mainly through the concurrent eleva-
tions of serum markers of glomerular dysfunction (creatinine, urea), in parallel to NGAL.
While myocardial failure marker levels, NT-proBNP, did not suggest any consequences of
chronic uremia on cardiac function compared to L2 and L3, it is experimentally shown that
5/6 nephrectomy leads to systemic arterial hypertension and left ventricle structural and
functional remodeling [12].

Caspase-3 is involved in the pathogenesis of doxorubicin-induced cardiomyopathy [59,60]
and nephropathy [61]. As a more proximal step in the cell response to doxorubicin toxicity,
p53 overexpression plays a major role in developing dilatative cardiomyopathy and chronic
kidney disease [11] mainly through its’ genomic integrity monitoring activity [62].

At the distal end of the chain of events induced by chemotoxicity and tissular le-
sions, α-SMA, as a marker of fibroblast activation, reflects the reactive consequences of
tissue remodeling following extensive apoptosis under doxorubicin exposure in the my-
ocardium [63] and kidney [64]. As a model of chronic renal failure, 5/6 nephrectomized
rats demonstrate a potent induction of interstitial myofibroblast activity in the remnant
kidney mass [65], but as uremic toxins accumulate, this is also observed at the level of the
cardiac tissue [66].

Across the examined groups in our study, in L2 and L3, but also L4, a pattern of the
progressive expression of the above-mentioned immunohistochemistry markers of tissue
injury was observed. Regarding myocardial histopathological alterations, there was a
close overlap between areas of myofibrils degeneration, the density of intracytoplasmic
vacuolization, and the extent of positive apoptosis and fibrosis markers. At the kidney
level, the distribution of glomerular lesions manifested as sclerosis, Bowmann capsule
thickening, and fusion followed the increasing pattern of caspase-3 and p53 expression,
while areas with tubular atrophy and proteinaceous casts displayed additional interstitial
α-SMA positivity.

As stated previously, myocardial metabolism is a highly substrate-dependent process,
with a high uptake of glucose analogs during postprandial states [67]. During myocardial
cell chemotoxic insult, the emerging mitochondrial dysfunction translates into a metabolic
switch from fatty acid oxidation to anaerobic glycolysis [68]. In our study, due to food de-
privation prior to FDG-PET examination, we observed a global absence of the low uptake of
the radiotracer in the cardiac muscle of control and early doxorubicin groups. The uptake in
skeletal muscle and liver, as an internal reference for the general metabolic milieu, demon-
strated a reliable background in assessing myocardial alterations in glucose metabolism.

In delayed doxorubicin-treated and subtotal nephrectomy preconditioned rats, my-
ocardial toxicity seemed to pass the necessary threshold, with sizable elevations of the
tracer uptake compared to the first two groups. Moreover, the L3 group displayed a stable
metabolic background milieu, whereas, for L4 rats, there was an apparent upregulation in
glycolytic activity in the skeletal muscle and liver, suggesting the systemic compounding
effects produced by uremic toxins and doxorubicin. While this interpretation stems from
dynamic PET data modeling results, when looking for corroboration with static PET data
during late time points (i.e., past 20 min after radiotracer injection), we did not find an
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agreement on increased uptake ratio for these organs in the L4 group. This difference
suggests alterations mainly in the vascular function and/or extracellular volume but not
actual intracellular glucose phosphorylation.

In healthy states, 2-deoxy-glucose handling on the tubular luminal pole after glomeru-
lar filtration follows the same pathways as endogenous glucose, but with a different
pharmacokinetic rate profile (low affinity for SGLT) and prior to filtration, at the level
of the vascular pole, there was an insulin-dependent uptake due to the distribution of
glucose transporters for transepithelial reabsorption processes [69]. On top of that, the
renal interstitial space is also host to a significant fraction of immune and stromal cells [70],
and since 2-deoxy-glucose is a good marker of inflammatory aggregates [71] and fibroblast
activation [50], this may act as a possible confounder in interpreting the global uptake rates
(i.e., Ki).

Despite histopathology showing an increased frequency of inflammatory infiltrates
from L1 to L4 groups in the renal specimens, only L4 rats manifested a marked elevation
in the net uptake rates of 18F-FDG. While the source of this increase in tracer uptake
was obscured by the non-specific nature of 18F-FDG distribution regarding cell types,
the confluence of processes in advanced renal failure leads to the global retention of the
radiotracer in the parenchyma. Taking into account the high and relatively quick filtration
of FDG at the kidney level and its distribution into other body organs, it has been a difficult
endeavor to determine a good PET marker for renal injury or find a renal function surrogate.

The discussion of the early Patlak analysis (1s frame reconstruction) was conducted by
referencing the renal pathology exam as the established procedure in determining histolog-
ical alterations, and the biochemical exam, through urea and creatinine, as the conventional
procedure in determining renal function alterations. Histologically, clear tissue and struc-
tural damage were proven, with obvious aggravation from L2 to L4. From this perspective,
we can conclude that the subjects investigated by PET/MRI had a progressive structural
kidney alteration from L2, L3, to L4, with L1 exhibiting normal parameters.

Biochemically, urea and creatinine were over the pathological threshold only in L4
(Figure 2); thus, it can be concluded that observable kidney disease would occur only in the
most affected subject lot. Urea and creatinine increase at a pathological level only when at
least 50% of the kidney parenchymal structure is altered [72]. Thus, we could assume that if
the dynamic PET data analysis shows differentiation between L1, L2, L3, and L4, it would
be more sensitive than creatinine to present or even future renal function alteration. In this
regard, we believe that we had, through PET/MR study, a valuable and not a commonly
found cohort of individuals that exhibited progressive histological renal alterations that
could be compared with healthy individuals.

A discriminatory marker of renal impairment should be one that matches or surpasses
the capability of the accepted blood creatinine and urea. Therefore, we could state that any
discrimination obtained outside that of L1, L2Aco, L3&4Aco, as is the case in L2, L3 vs. L4,
could be seen as a predictor of present or future renal function alterations. The concept
underlying the use of the aorta activity as the input function and the renal pelvis as the
irreversible compartment is helpful in bypassing the complex and simultaneous processes
that involve the passing of FDG from the vascular into glomerular space, and from there,
through renal processes that lead to FDG urinary excretion.

For the parenchymal region of the kidney, the time interval in which the slope of the
linear regression was extracted (essentially the influx rate constant) started from the first
non-zero activity frame and ended about 9–10 s thereafter (Figure 9). The short duration
at the beginning of the administration would be suggestive of the first phase of the tracer
dynamic; the vascular distribution and fluctuations in its values would indicate a vascular
transit alteration. Comparing the marker derived from this tissue by each group, we could
observe that L1 and the individuals from the age control groups maintained similar values
(Figure 10), which indicates that there were no evident changes if compared to the healthy
rats at different ages. We could also observe a decrease in the cortex and medullary vascular
markers when comparing the healthy subjects to L2, L3, or L4 (Figure 11), presented
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also as a ratio of the L2, L3, L4 cortical or medullary markers to their respective age
controls. These values decrease in a progressive manner, in line with the progressive
histopathological alterations.

The renal total blood flow is remarkably stable through large variations of the arterial
blood pressure from 100 to 200 mmHg. As a consequence, the impact on the vascularization
from the administration of the intravenous FDG bolus should be negligible. We believe
that the lower amplitude and lower slope of the first 9 s of the FDG passage of the cortex
curve, compared to the medulla, could be attributed to the higher caliber vessels and higher
capillary network and density that are found at this level [73]. Although the blood flow is
80–90% to the cortex and only 10% to the medulla of the total kidney blood volume, we
measured the blood that passed through these two regions and not their respective blood
flow distribution, which differ substantially.

An interesting observation could be made about the peak amplitudes of the cortical
and medullary curves in that the cortical peak amplitude is approx. two times lower (0.48)
for the healthy rats than the medullary one, and in treated rats, the cortical to medullary
amplitude ratio increases slightly in value throughout, L2 (0.48), L3 (0.52), and L4 (0.53)
(mostly on the cortex uptake decreasing), suggesting a more than double tracer uptake in the
medullary compared to the cortex in this vascular window. This vascular space alteration
and transfer rate alterations could be an indicator of the present or future development of
renal dysfunction [74].

For the pelvic marker, the time interval on which the slope was derived started from
approx. 60 s after the first non-zero frame until about 120 s (Figure 9c). The subsequent
marker could be viewed as encompassing the ramp-up of urinary FDG excretion. Thus,
the value of it could be as a surrogate of kidney efficiency to transport vascular FDG to
the urine and encompassing all processes that led to urinary excretion, ultimately being
interpreted as an extraction marker. This marker would be the closest that could describe
the kidney function by one value that we could derive by this method. Comparing L1 and
the age control groups, we could see that the values do not differ notably, making this
marker somewhat stable and non-evolving with age. When the comparison is made with
L2, L3, and L4, a noticeable value decrease can be observed. This will lead us to conclude
that the extraction fraction decreases as the histopathological alterations increase, and the
age in healthy individuals has no influence on it (Figure 10f).

Taking into account that the rats were studied during their growth period, and kidney
dimensions should have followed their growth curve, the inverse variation with age of the
renal volumes, or its stagnation, is a counterintuitive finding (Figure 5). Potter et al. [75]
conducted morphological studies showing that, until 16 weeks old, the kidney volume
increase was primarily based on cellular multiplication and less on the increase in its
volume, and after 16 weeks, it was based primarily on cell volume increase and less on cell
multiplication. Therefore, this phenomenon probably can be explained by the renal toxicity
of the repeated doxorubicin administrations and its toxic DNA and mitochondrial effects.

4. Materials and Methods
4.1. Study Population

The experimental protocol was approved by the Ethical Committee of Grigore T. Popa
University of Medicine and Pharmacy of Iasi in accordance with Directive 2010/63/EU,
taking into consideration the 3R principles.

A total of 34 Wistar albino male rats (2 months old at arrival) were divided into
4 groups (Figure 12): 8 animals in the control (L1), 8 in doxorubicin-induced heart failure
(L2), 8 in cardiorenal syndrome (L3) and 10 in renocardiac syndrome (L4). On top of that,
4 rats were kept alive as the age control of the 18F-FDG PET imaging data, annotated as
L2Aco for L2 and L3&L4Aco for L3 and L4. They were housed in individually ventilated
cages containing shaving bedding material, with a diet consisting of 10 g standard rodent
chow per day and water ad libitum, with a 2-week period of acclimatization. The facility
was climate-controlled: 20 ± 4 ◦C, 50 ± 5% relative humidity, and 12 h light/dark cycles.
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The interquartile range for body weight at study entry for each group was 293–324 g for L1,
290–297 g for L2, 278–321 g for L3, and 282–319 g for L4.
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4.2. Doxorubicin and Renal Mass Reduction Protocols

Cardiac dysfunction was induced by the intraperitoneal injection of 1 mg/kg of
doxorubicin (Doxorubicin Hydrochloride, 2 mg/mL, Accord®, Ireland, Cork), twice a week
for 6 weeks, following a protocol adapted from Shen et al. [20].

Renal failure was induced by the 5/6 nephrectomy protocol, following the guidelines
of Zhang & Kompa [21]. After proper animal acclimatization and prior surgery temperature-
controlled bed setup, anesthesia was induced with 5% isoflurane and maintained at 2% for
the rest of the procedure. The decontaminated and shaved abdominal region was incised
on the midline and aided by sterile retractors and cotton buds; a deep dissection for the
kidney pedicle was performed. Left posterior and inferior kidney arteries were ligated
(confirmed by ischemic discoloration in 2/3 of the parenchyma), and excision of the right
kidney was made en bloc. The closure of the abdominal wall was attained after the control
of hemostasis and cavity wash with 3 mL of serum. All surgical procedures were performed
in a sterile manner.

4.3. Clinical, Metabolic Cage Monitoring and Biochemistry

During the observation period, each cage was inspected on a twice-per-week basis,
checking for signs of abnormality in behavior or appearance without interfering with
the habitat. Afterward, the rats were weighed, extremities were inspected for abnormal
pigmentation or dystrophies, and skin turgor was assessed as a marker of extracellular
fluid accumulation.

Due to particular study design constraints (detailed in the Study limitations section),
longitudinal body weights for the control group were derived from the literature data [22]
and synthesized by a 5-point sigmoidal function. Growth rates were estimated by linear
regression of the natural log-transformed weights on the number of postnatal days.

At the end of the PET experiments (as pointed out in Figure 12), each rat was placed in
a metabolic cage for a monitoring period of 24 h. Food intake, urine, and feces output were
measured, and results were normalized to body weight. This was followed by euthanasia
with blood and target organ sampling.

Creatinine and urea were determined at the end of the study from the serum samples
by the automated biochemical analyzer. Creatinine was determined by the Jaffé kinetic
method (colorimetric), while the urea was assessed spectrophotometrically. The urinary
marker of tubular injury (NGAL, Rat Lipocalin-2/NGAL, Fine Test, cat. no. ER0003,
Wuhan, China) and NT-ProBNP (N-Terminal Pro-Brain Natriuretic Peptide, Fine Test,
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cat. no. ER0309, Wuhan, China) was determined by the ELISA method, according to the
manufacturer’s kit protocol.

4.4. PET/MRI Data Acquisition

Each rat, fasted overnight, was brought from the biobase on the morning of the
experiment and left to acclimatize to the scanner at room temperature for an average of
1 h. Anesthesia was induced by an isoflurane delivery system connected to a transparent
chamber at a concentration of 5% isoflurane in a mixture of air and oxygen with a flow of
3 L/min. After induction, the animal was transferred to the scanner bed of the nanoScan
PET/MRI (Mediso®, Budapest, Hungary) with a full width at half maximum of 0.9 mm and
detection sensitivity [23] of 42.8 cps/kBq, in a prone position and maintenance anesthesia
was adjusted to 3% isoflurane with a flow of 1 L/min.

A fast MRI scout for system calibration and subject localization was performed. It was
followed by an axial T1-weighted 3D spoiled gradient recalled echo sequence (GRE) for
anatomical referencing (slice thickness = 2 mm, TR = 10.6 ms, TE = 3.2 ms, NEX = 4, flip
angle = 15◦). Before starting PET data acquisition, the animal was brought out of the MRI
coil, and the tail vein was cannulated with the aid of a warm water bowl. After bringing
the bed inside the PET ring and initiating data acquisition, 18F-FDG (manufactured at
a regional radiopharmacy) was administered through a 26G cannula (average dose of
9.56 ± 0.7 MBq/100 g). Pre-scan glycemia levels were measured with a clinical-grade
glucometer before 18F-FDG administrations.

PET data acquisition consisted of a 40 min dynamic scan with a single FOV over the
thorax and abdominal region without cardiac gating. Data acquisition was in list mode, 3D,
with a 1 to 5 in-plane coincidence detection activated and a normal photon count rate.

Data reconstruction employed the proprietary Tera-Tomo engine (Mediso©) with a
3D maximum a posteriori algorithm (8 iterations and 3 subsets) using an energy window
of 400–600 keV, a 0.6 mm isotropic voxel size, a small regularization term (alpha = 0.0001
and beta = e−3, and a variance-reduced delayed window for random correction. Photon
attenuation and scatter correction of the data were considered unnecessary. List-mode data
were partitioned into a dynamic study for the first 5 min with a high-frequency sampling of
1 s, the next 15 min with 10 s per frame, and the last 20 min with 30 s per frame. Additionally,
3 static reconstructions with a 5 min interval each were performed for the standard uptake
value (SUV) analysis for 0–5 (TP1), 15–20 (TP2), and 35–40 (TP3) minute periods.

4.5. PET Data Extraction and Analysis

PET data analysis was conducted by two independent evaluators in two separate
data extraction software environments: Carimas (Turku PET Centre©, Turku, Finland) and
Vivoquant™ (InviCRO©, London, UK). As the first step of segmentation, the PET and MR
images were rescaled and merged. Averaged dynamic PET and MR images were reviewed
for proper co-registration by manual adjustments on a region-by-region basis according to
the available data [24–28]. Volumes of interest (VOI) were drawn according to Figure S1.
More details can be found in Supplementary Materials.

4.6. Histopathology and Immunohistochemistry Analysis

The kidneys and heart were fixed in a 10% formalin solution and refrigerated until
pathology processing. The organs were properly trimmed and embedded in paraffin.
Tissue sections with a 5 µm slice thickness were stained with hematoxyllin-eosin. Tissue
slides were labeled for immunohistochemistry (IHC) with caspase-3 (apoptosis marker),
p53 (genotoxicity marker), and α-sma (hypertrophy/fibroblast activation marker). The
procedure was initiated with deparaffinization in xylene and then rehydration through
a descending gradient of ethanol. After that, the slides were incubated with hydrogen
peroxide to remove the endogenous peroxidase activity. Non-specific binding was blocked
by incubation with a blocking buffer for 15 min. The sections were then incubated overnight
with anti-caspase-3 (1:200 diluted with standard phosphate-buffered solution (PBS), p53
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(1:100 diluted with PBS), α-sma (1:500 diluted with PBS). The antigen–antibody complexes
were visualized as a brown color using an avidin-biotin-peroxidase complex solution and
using a Vectastain® ABC Kit (Vector inc., Torrance, CA, USA). Sections were developed
with 3,3′-diaminobenzidine (DAB) and finally counter-stained with hematoxylin.

All tissue slides were examined without prior knowledge of the control and interven-
tion groups. Myocardial tissue slides were examined qualitatively for intracytoplasmic
vacuolization, the depletion of myofibrils, areas of necrosis, and areas of inflammatory
infiltration, while the renal slides were assessed for areas of glomerular sclerosis, tubular
atrophy, proteinaceous casts, and inflammatory changes.

4.7. Statistical Analysis

The data analysis results are described by box plots with a whole min-max range for
each experimental group. Additionally, for body weight monitoring, a connected line plot
was used with a median and 95% confidence interval at each data point in time, while
for survival analysis, a Kaplan–Meier plot was applied. Due to the small sample size in
target groups (L3, L4) and a large number of target variables, either exploratory statistical
techniques or hypothesis testing for effect size significance were deemed inappropriate.

5. Conclusions

In our particular model of the cardiorenal syndrome, chronic treatment with low-dose
doxorubicin followed by acute 5/6 nephrectomy incurred the highest mortality among
the study groups, while the model for renocardiac syndrome resulted in moderate-to-high
mortality. Doxorubicin cardiotoxicity was clearly identified by 18F-FDG PET imaging,
not at the end of regimen administration, but after a period of another 6 weeks. Pre-
treatment by 5/6 nephrectomy at 3 months before starting the doxorubicin regimen nulled
any compensatory reserves with ensuing cardiac metabolic abnormality. Doxorubicin
administered during the growth period impaired normal kidney development. It appears
that 18F-FDG PET could be sensible to vascular alterations seen in the progressively altered
kidney and could also give possible insight into its function.

Given the fact that standard clinical markers were insensitive to early renal injury,
we believe that the decreasing values of the 18F-FDG PET-derived renal marker across the
groups, compared with their age-matched controls, and along with the uniform distribution
seen in healthy developing rats, could have a potential diagnostic and prognostic yield in
cardiorenal syndrome.

6. Study Limitations

Due to the nature of the study, i.e., a preclinical small animal experimental study
and 3R bioethical constraints, and the lack of previous experimental work on this par-
ticular model of cardiac and renal failure during study design and preparation, we en-
countered several limitations in the data collection, analysis and interpretation, briefly
described below:

- The high mortality rate among L3 and L4 individuals produced a small sample size
and the inability to repeat the experiment if they exhibited tail radiotracer trapping;
also, due to financial and bioethical restrictions, we did not have the opportunity to
gain more insight into the timeline of model pathophysiology through a repeated
sampling of the salient biochemical, histological or imaging markers, at multiple
points in time, for the same group of rats (Figure S2).

- Due to the small sample size in target groups (L3, L4) and a large number of target
variables, neither the exploratory statistical technique nor hypothesis testing for effect
size significance was performed.

- From the perspective of PET/MRI imaging, a serious limitation was the lack of any
modality to gate the PET and MR signal to cardiac or respiratory motion due to
technical issues, which posed additional difficulties in image data extraction and
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interpretation. In addition, the limited bore size of the MRI RF antenna made it
impossible to accommodate the oversized ascitic L4 rats for T1 anatomical sequencing.

- Another restriction related to the PET/MRI system was an inaccuracy of the scanner
bed positioning between the PET and MRI modalities due to the peculiar geometry of
the bed, which generated significant challenges in fusing PET and MRI studies.

- During data acquisition and analysis, about 1
4 of the subject rats had almost complete

tracer trapping in the tail vein upon injection, which led to the exclusion of these
individuals from the PET analysis, and subsequently reduced our subject number.

- Due to the aforementioned lack of respiratory gating, limited bore size, and the
particular remodeling of the renal parenchyma for L4 rats after surgery meant that the
delineation of the renal pelvic region was severely impaired or even impeded in some.

- Regarding subject eligibility for analysis, some individuals exhibited bilateral re-
nal pelvic abnormalities, leading to their exclusion from the PET analysis, the
curves derived from this region being incomparable with the ones derived from the
other subjects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms232315409/s1.
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