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A B S T R A C T   

The present study was designed to examine if dietary fat sources that have shown differences in lifespan and if 
some aging-related aspects can modulate the range of histopathologic changes in central nervous and endocrine 
systems that occur during the lifespan of Wistar rats. Moreover, it was attempted to gain insight into the rela
tionship between longevity and the development of the different pathological changes, as well as possible 
interaction with diet. In order to achieve this, male Wistar rats were randomly assigned to three experimental 
groups fed semisynthetic and isoenergetic diets from weaning until death with different dietary fat sources, 
namely virgin olive, sunflower, or fish oil. An individual follow-up until death of each animal was performed. 
Incidence, severity, and burden of specific or group (i.e., neoplastic or non-neoplastic proliferative and non- 
proliferative) of lesions was calculated along with individual’s disease and individual organ lesion burden. 
Most of the histopathological lesions found have been described in previous studies. Neoplasms, and in particular 
pituitary adenomas followed by brain tumors, were the most prevalent lesions found in the rats and the main 
cause of death involving both systems. Incidence of brain lesions was associated with age-at-death. Assayed 
dietary fats did not present differential effects on pathological changes occurring in endocrine and central 
nervous systems throughout rat lifespan.   

1. Introduction 

The rapid aging of the human population has increased interest in 
gerontological research (Li et al., 2014; Sousa-Victor et al., 2014). Ro
dent studies have shown that different nutritional interventions, such as 
caloric restriction (Anderson et al., 2009; Mercken et al., 2012; Pam
plona and Barja, 2006; Speakman et al., 2016; Swindell, 2012) and 

protein or methionine restriction (Orentreich et al., 1993; Pamplona and 
Barja, 2006a,b; Sanchez-Roman and Barja, 2013; Zimmerman et al., 
2003), may contribute to extend life expectancy. Replacement of satu
rated fat with n-6 polyunsaturated fatty acids (PUFA) as main dietary fat 
can reduce mortality because of its effects on blood lipoproteins and 
triglycerides, which are known cardiovascular risk factors. Moreover, 
higher levels of oxidative damage markers were found in different tis
sues (Varela-Lopez et al., 2019; 2017a; Roche et al., 2014; Bullon et al., 
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2013) of old rats fed diets rich in sunflower oil compared to those found 
in rats fed diets with virgin olive oil as the unique dietary fat. Consid
ering that a proper adaptation of fatty acid profiles of plasma, but also of 
mitochondrial membranes, to the dietary fat have been widely verified 
in rats (Varela-López et al., 2017a, 2017b; Varela-López et al., 2019; 
Villalba et al., 2015; Jové et al., 2014; Valencak et al., 2011; Roche et al., 
2014), these results support the proposed relationship between the de
gree of unsaturation of biological membranes, resistance to endogenous 
damage and aging (Pamplona and Barja, 2006; Hulbert et al., 2014). In 
fact, it was reflected by the differences in median lifespan between rats 
fed similar diets (Ramirez-Tortosa et al., 2020). On the other hand, n-3 
PUFA may contribute to a lower production of proinflammatory pros
tanoids compared to n-6 PUFA, which would have beneficial effects on 
pathologies and conditions associated with inflammation (Bustos et al., 
2017). Studies comparing fish oil–based diets with n-6 PUFA-rich diets 
have reported that reactive oxygen species production (Varela-Lopez 
et al., 2018) and detrimental changes associated with aging are pre
vented or delayed by fish oil-based diets (Varela-Lopez et al., 2018). The 
relevance of n-3 PUFA content of the diet for longevity has also been 
reported in mice (Strong et al., 2016; Ueda et al., 2011). Importantly, the 
mentioned effects correlated with the effects in age-related changes 
found in biochemical and physiological indicators (Bullon et al., 2013; 
Jové et al., 2014; Navarro-Hortal et al., 2019a, 2019b; Valencak et al., 
2011; Roche et al., 2014; Varela-López et al., 2017, 2018; Varela-López 
et al., 2019; Villalba et al., 2015). In this sense, consumption of a n-6 
PUFA-rich diet was associated with higher alveolar bone loss at perio
dontium (Bullon et al., 2013), number of β-cells and insulin content in 
the pancreas (Roche et al., 2014), and fibrosis levels in the liver (Vare
la-Lopez et al., 2018) and lower femur bone mass density (Varela-López 
et al., 2017). Likewise, compared with n-6, n-3 PUFA prevented 
age-related alveolar bone loss (Bullon et al., 2013) and liver fibrosis 
(Varela-Lopez et al., 2018) and reduced cardiac inflammation (Nav
arro-Hortal et al., 2019a), although it could promote the development of 
acinar fibrosis and macrophage infiltrates in peri-insular regions (Roche 
et al., 2014) and alveolar bone loss (Bullon et al., 2013). 

However, the contribution of the mentioned age-related changes to 
overall aging has been underappreciated from the organismal perspec
tive. Moreover, it has not been confirmed if the effects of the mentioned 
diets on aging and age-related changes led to pathological and function 
alterations or occurred in additional tissues. The age-related cognitive 
decline which along mobility limitations derived from the progressive 
decline of functional capabilities of central nervous system in older 
adults (Alexander et al., 2012; Dykiert et al., 2012; Glorioso et al., 2010; 
Levin et al., 2014) can contribute to overall aging. Likewise, there is an 
involution of endocrine functions leading to a cluster of phenomena 

typically associated with aging including altered body composition and 
insulin resistance (Björntorp, 1995). Therefore, organs that form part of 
the endocrine and nervous systems could be crucial for organismal 
aging. In fact, the role of nervous and endocrine systems in aging has 
been emphasized by the “neuroendocrine” theory of aging, developed by 
Vladimir Dilman, (Diggs, 2008). Considering the relevance of these 
systems for aging, necropsies of organs belonging to these systems at 
age-of-death have been performed in rats receiving isocaloric and nor
molipid diets rich in MUFA, n-6 PUFA or n-3 PUFA by using virgin olive, 
sunflower or fish oil as unique dietary fat sources throughout life with 
the following three objectives: (1) to characterize the pathologic 
changes which occur in endocrine and central nervous systems as a 
result of aging in the Wistar rat strain, (2) to determine the causes of 
death involving these systems in the studied animals and (3) to deter
mine possible effects of the different dietary fats on both pathological 
changes and causes of death in the rats. 

2. Material and methods 

2.1. Chemicals 

All the chemical products and solvents, of the highest grade avail
able, were acquired from Sigma (St. Louis. MO) and Merck (Darmstadt. 
Germany). 

2.2. Animals and diets 

Seventy-five male Wistar rats (Rattus norvegicus) weighing 80–90 g 
were housed three to a cage and maintained at 20 ◦C in a 12-h light to 
12-h dark cycle with free access to water. The rats were randomly 
assigned to three experimental groups with 25 rats per group, fed 
semisynthetic and isoenergetic diets formulated according to the AIN-93 
rodent diet criteria (Reeves, 1997) except for the dietary fat source. The 
diets were composed of (in g/100g of diet): 14 casein, 46.57 starch, 10 
sucrose, 15.5 Dextrose, 4 dietary fat, 5 cellulose, 0.25 choline, 0.18 
L-cystine, 1.0 vitamin mixture and 3.5 mineral mixture. The dietary fats 
used were virgin olive oil (VO) provided by the agricultural research 
center “Venta del Llano” (Mengibar, Spain), sunflower oil (SO) acquired 
in a local supermarket, or pure fish oil (FO) ROPUFA 30 (DSM, Kaiser
augst, Switzerland), obtaining diets rich in MUFA, n-6 PUFA, or n-3 
PUFA respectively as reported in previous studies (Bullon et al., 2013). 
The diets were provided ad libitum for the first 2 months and then at 25 g 
per rat per day for the rest of the experiment (in order to avoid being 
overweight). From weaning up to 2 months of age, the animals received 
diets formulated according to the AIN-93 diet for growth (AIN-93G) 
whereas the AIN-93 as maintenance diet (AIN-93M) was followed for the 
remaining period. An individual follow-up until death of each animal 
was performed. The animals were treated in accordance with the 
guidelines of the Spanish Society of Laboratory Animals and the study 
was approved by the Ethics Committee of the University of Granada 
(permit number 20-CEA-2004). 

2.3. Pathological evaluation 

After death, each animal underwent a routine necropsy conducted by 
three board-certified pathologists. Samples of all major organ systems 
and any grossly abnormal tissues were preserved by immersion in 10% 
neutral phosphate-buffered formalin. Fixed tissues were trimmed using 
a standard protocol developed by the University of Washington Veteri
nary Diagnostic Laboratory (Snyder et al., 2015) so that the same section 
of organ was examined from each animal. The tissues were routinely 
processed, and the paraffin-embedded samples were sectioned at 3–4 μm 
and stained with hematoxylin and eosin. Lesions found in each organ 
were described based on previous studies in rodents (D’Cruz et al., 2002; 
D’Cruz and Uckun, 2001; Hubert et al., 2000). All observed lesions were 
termed according to the International Harmonization of Nomenclature 

Abbreviations 

AIN-93G AIN-93 diet for growth diet 
AIN-93M AIN-93 for maintenance diet 
ANOVA analysis of variance 
BN Brown Norway 
COD cause of death 
F344 Fisher 344 
FO fish oil 
INHAND International Harmonization of Nomenclature and 

Diagnostic Criteria 
MUFA monounsaturated fatty acids 
NNLA NTP’s Noneoplastic Lesions Atlas 
NTP National Toxicology Program 
PUFA polyunsaturated fatty acids 
SO sunflower oil 
VO virgin olive oil  
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and Diagnostic Criteria (INHAND) (Keenan et al., 2015). Nonneoplastic 
lesions were diagnosed and recorded following the strategy proposed by 
the National Toxicology Program (NTP) in the NTP Nonneoplastic Le
sions Atlas (NNLA) (https://ntp.niehs.nih.gov/nnl/). According to it, 
certain lesions were not diagnosed if they were a consequence or a 
feature of another previous lesion or pathological process, although they 
were described in the pathology narrative. Lesions were grouped into 
the broad categories of neoplastic, non-neoplastic and non-neoplastic 
proliferative, and they were also collectively examined (Table 1). 

2.4. Grading of histopathological lesions 

Most lesions were assigned severity grades. An ascending four-level 
numerical scheme was followed for the gradation to both neoplastic 
and non-neoplastic lesions. All neoplastic processes were graded ac
cording to Ikeno and colleagues (Ikeno et al., 2003), with modifications. 
Neoplastic processes were morphologically diagnosed and categorized 
as hematolymphoid, epithelial, mesenchymal, neuroglial or miscella
neous and the severity of each primary tumor was assigned a grade 
based on the extent of tumor size and distribution (metastasis) within 
the tissues examined, as well as effects on surrounding parenchyma or 
adjacent tissues. Grade 1 tumors included small, focal benign tumors 
contained within the primary site and causing no observable changes to 
the surrounding parenchyma and, thus, they did not interfere with organ 
function in a mild to moderate way. Grade 2 tumors included malignant 
neoplasms localized to one organ but did not affect the organ or likely 
interfere with normal function, or benign tumors larger than grade 1 
tumors that had observable effects on surrounding parenchyma 
(compression or necrosis). Grade 3 tumors had metastatic foci to one or 
two organs or were large, localized neoplasms that affected organs 
sufficiently to interfere with normal function or were associated with 
ulceration and hemorrhage. Grade 4 tumors were malignant neoplasms 
with metastatic spread to >2 organs or localized malignant neoplasms 
that affected and infiltrated sufficiently to interfere with adjacent tissue. 

Non-neoplastic lesions were graded according to the NTP’s four-level 
numerical scheme for gradable non-neoplastic lesions [1 = minimal, 2 
= mild, 3 = moderate, and 4 = marked]. Non-neoplastic lesions were 
categorized as either incidental lesions (defined as those minor lesions 
that would not have contributed to the animal’s moribund state) or 
contributing lesions (defined as those lesions that would affect the 
moribund state) and graded on the severity scale. Small or focal inci
dental lesions were assigned to grade 1. Grade 2 non-neoplastic lesions 

were multifocal or diffuse lesions that were incidental. Grade 3 was used 
for contributory lesions not thought to be the primary COD but which 
interfered with normal function. Grade 4 was used for contributory le
sions severe enough to cause illness and death. The most common non- 
neoplastic contributory lesions (those with 10% prevalence in any 
cohort) were analyzed individually for severity and population lesion 
burden. According to recommendations of NTP, certain lesions were not 
graded when they were a consequence or a feature of another previous 
lesion or pathological process, although they were described in the pa
thology narrative. Likewise, some morphologic tissue changes (e.g., 
cysts) were generally not graded but were routinely recorded as “pre
sent”. On the other hand, organisms (bacteria, fungi, protozoan and 
metazoan parasites) in tissues were always graded as “present” no 
matter what their number. 

2.5. Determination of cause of death 

Cause-of-death (COD) assignment was based on a scheme proposed 
by a report from the National Center for Toxicological Research (Kodell 
et al., 1995). If a severe and likely fatal lesion was identified, then this 
was deemed the ‘‘probable’’ COD. If no fatal lesion was identified, then 
additional ‘‘contributory’’ causes of death were listed for lesions that 
were significant but not likely to be the singular COD. The term 
‘‘equivocal” was also considered for possible cause of death. Finally, if 
no COD was apparent, then the COD was assigned as ‘‘unknown’’. 

2.6. Determination of lesion incidences 

The rate of occurrence of individual lesions in each dietary group was 
calculated. Lesions occurring in at least 10% of either group were 
arbitrarily defined as common. In this study, common lesions were 
grouped into the broad categories of neoplastic, or non-neoplastic pro
liferative and non-proliferative; they were collectively examined to 
establish whether the groups were affected by diet or were related to 
age-at-death. 

2.7. Determination of disease and lesion burden 

Neoplastic and non-neoplastic lesion burdens were calculated for 
each rat. The neoplastic lesion burden was calculated as the sum of 
severity scores (grades) for each primary tumor within a rat. The non- 
neoplastic lesion burden was calculated as the sum of severity scores 
(grades) for each non-neoplastic lesion with grade 3 or 4 within a rat. 
The disease burden was calculated as the average sum of neoplastic and 
non-neoplastic severity scores for each organ within each cohort as 
already proposed (Ikeno et al., 2003). The overall lesion burden was 
calculated as the average sum of neoplastic and non-neoplastic severity 
scores for all rats within each cohort as already proposed (Ikeno et al., 
2003). Only non-neoplastic lesions with Grade 3 or 4 (moderate to se
vere) were considered, with the rationale that Grade 1 and 2 lesions are 
too mild to contribute any significant burden. Neoplastic severity scores 
for all neoplastic lesions were used, because neoplasia of any severity 
could be burdensome. 

2.8. Number of lesions 

The number of distinct lesions was counted for each age-diet group to 
determine whether the variety of lesions can act as a biomarker of aging. 

2.9. Statistical analysis 

Statistical analysis was performed using SPSS 24.0 for Windows 
(IBM, Chicago, IL, USA). Incidences of specific lesions or kinds of pa
thologies and causes of death were compared between cohorts main
tained on different diets using the Pearson’s chi-square test. When the 
expected frequencies were too small for the chi-square test, the data 

Table 1 
Criteria for classification in grades of neoplastic and non-neoplastic lesions.  

Grade Neoplastic lesions Non-neoplastic lesions 

1 Small, focal benign tumors 
contained within the primary site 
and causing no observable changes 
to the surrounding parenchyma 

Small or focal incidental lesions 

2 malignant neoplasms localized to 
one organ but did not affect the 
organ or likely interfere with normal 
function or benign tumors larger 
than grade 1 tumors that had 
observable effect on surrounding 
parenchyma 

multifocal or diffuse lesions that 
are incidental 

3 Tumors had metastatic foci to one or 
two organs or were large, localized 
neoplasms that affected organs 
sufficiently to interfere with normal 
function or were associated with 
ulceration and hemorrhage 

Contributory lesions not thought to 
be the primary COD but interfered 
with normal function 

4 Malignant neoplasm with metastatic 
spread to >2 organs or localized 
malignant neoplasm that affected 
and infiltrated sufficiently to 
interfere with adjacent tissue 

Contributory lesions severe enough 
to cause illness and death  

A. Varela-López et al.                                                                                                                                                                                                                          

https://ntp.niehs.nih.gov/nnl/


Food and Chemical Toxicology 168 (2022) 113357

4

were analyzed using Fisher’s exact test. A fully factorial one-way anal
ysis of variance (ANOVA) was used to compare scores of severity for 
specific lesions, lesions and disease burdens per organ and per animal 
and number of lesions per animal between dietary groups. For multiple 
comparisons, the Bonferroni post hoc test was used. For non-normal 
variables, the non-parametric test, Kruskal-Wallis was used. To test for 
age-at-death effects on prevalence of common pathologic outcomes 
(with prevalence of 10% or higher), incidences and severity scores of 
specific lesions were compared between animals grouped in 6-month 
intervals by age-at-death within both each cohort and total popula
tion. In all analyses, significance was determined at a p-value of 0.05. 

3. Results 

3.1. Central nervous system 

Almost all proliferative lesions found in the rats of this study were 
primary neoplasms except for a metastasis found in an individual of the 
FO group (Fig. 1), which was a cerebral metastasis from a thyroid 

carcinoma that was considered the COD (Fig. 2) and probably caused 
more alterations. The remaining neoplasms were three granular cell 
tumors, one of them infiltrating. This type is considered as a common 
meningeal neoplasm in the rat (Roth et al., 1993), but is not included in 
the human classification. Lastly, two glial tumors, one of them hemor
rhagic, were also found. Glial tumors were established as the COD for the 
rats that had them. In most of the cases, proliferative lesions found in the 
present research were benign neoplasms, including the ganglioneuroma 
and the granular cell tumors, that were mostly associated with vascular 
and hemodynamic alterations in CNS of the rats and were also estab
lished as COD (Fig. 2). No differences for lesion severities (Fig. 3 and 
Table S3) and lesions burden per systems or per organs (Fig. 4 and 
Table S4) between dietary groups were found. Images of different 
Neoplastic lesions found in the central nervous system in the present 
study are presented in Fig. 5. 

Non-proliferative lesions found in the brains of rats in the present 
study were mostly vascular or were related to vascular alterations. 
Hemorrhages were the most frequent lesions, leading to or related to 
death in all cases. These are manifested in several ways within the 

Fig. 1. Incidence of Central Nervous and Endocrine Lesions Diagnosed at End of Life in male Wistar rat cohorts Fed on Different Fat Sources. Abbreviations: VO: 
virgin olive oil, SO: sunflower oil; FO: fish oil; n: sample size. 
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nervous system. In this case, it was possible to distinguish three 
meningeal (subarachnoid) hemorrhages and one intracerebral hemor
rhage. In two cases, meningeal hemorrhages occurred in a context of 
vascular congestion in multiple organs related to prostatitis which was 
the cause of the death. Another rat presented sings of hemorrhage 
observed in the brain and the lungs accompanied by a certain degree of 
vascular congestion in the lungs and liver. As several foci of enzymatic 
necrosis were observed in the pancreas, the pathological process 
observed in this organ was considered responsible for the mentioned 
alterations and established as COD (Fig. 2). Moreover, it is known that 
some intracerebral neoplasms may cause disruption of the vasculature in 
rats that results in substantial perilesional hemorrhage, edema, and 
necrosis (Solleveld and Boorman, 1986). In this study, one subject died 
because of a cerebral hemorrhagic tumor. In addition, the disruption of 
the vasculature caused by a tumor of cerebral granular cells and a 
ganglioneuroma could also be responsible for ischemic changes 
observed in the brain from one rat of the FO group and two of the VO 
group. All hemorrhages were diagnosed and graded except for those 
within or secondary to a neoplasm as suggested in the NNLA (Little and 
Rao, 2014). Likewise, infarctions were not diagnosed as necrosis 
because they were secondary to neoplasms. 

3.2. Special senses 

3.2.1. Eyes 
A squamous cell carcinoma with abscess was noted in the left eye of a 

rat of the SO group that was considered the COD of the rat (Fig. 2). 
Interestingly, this animal also presented two additional primary neo
plasms, a retroperitoneal hemangioma and a fibroma. 

3.3. Endocrine system 

3.3.1. Pituitary gland 
Proliferative lesions in pituitary gland were seen in 20.2% of animals 

in the present research (Table S1). In two animals pituitary adenomas 
were cystic or had areas of hemorrhage. In another two, they were 
highly vascular with dilated blood vessels. Furthermore, this pathology 
was established as the COD for 11.4% of animals (Table S2). Moreover, 
there was another animal with this neoplasm, but the COD came from 
hemorrhages in multiple organs. Lastly, one individual presented hem
orrhages concomitantly in this organ and in the lungs, both contributing 
to COD of the animal. No differences were found for lesion severities 

(Fig. 3) and lesion burden per systems or per organs (Fig. 4 and Table S4) 
between dietary groups. 

3.3.2. Adrenal glands 
Six rats presented some lesions in the adrenal gland, but most of 

them were non-proliferative (Fig. 1). Vascular congestion in adrenal 
glands was observed in four animals, in one of them accompanied by a 
hemorrhage, but also in other organs. Anyway, these were considered 
acute sings of death secondary to other processes. Two rats died from 
multiple organ infarcts; adrenal glands were also affected. Lastly, fatty 
change (increased diffuse cortical vacuolization) (Fig. 6) was detected in 
three rats. In one rat, it was associated with congestion that also 
appeared along with necrosis in another rat. Regarding proliferative 
lesions, these were a subcapsular cell adenoma in a rat of the FO group 
and a metastatic carcinoma in a rat of the SO group that was responsible 
for the death of the animal that presented the metastases in the brain and 
hemorrhagic infarcts in the lungs and the liver (see Fig. 7). 

3.3.3. Thyroid gland 
One rat of FO group presented a thyroid gland metastatic follicular 

carcinoma to the brain that was determined as COD (Table S2). This was 
presented in association with hemorrhagic infarcts observed in lungs 
and liver from the same animal, which correlated with the presence of 
thrombi in cardiac cavity and vascular congestion in bone marrow. 

3.3.4. Pancreatic islets 
Lesions of the pancreatic islets were almost exclusively proliferative 

(except for one rat that had focal degeneration), and all but one of the 
proliferative lesions were neoplastic. Islet cell adenomas were observed 
in two animals. In one case, this was associated with necrotizing 
pancreatitis with enzymatic focal necrosis. Likewise, islet cell hyper
plasia was diagnosed in two rats. No differences were found for lesion 
severities (Fig. 3 and Table S3) and lesion burden per systems or per 
organs (Fig. 4 and Table S4) between dietary groups. 

4. Discussion 

The rapid aging of the human population has increased the interest 
not only in unraveling the causes of aging, but also in discovering how 
we can manipulate potential causes of aging to decrease, stop, or even 
revert its rate of progression (Li et al., 2014; Sousa-Victor et al., 2014). 
However, this phenomenon is multidimensional, involving several 

Fig. 2. Relative frequency of rats died from different Causes of Death (CODs) Involving Central Nervous and Endocrine Systems in Male Wistar rat Cohorts Fed on 
Different Fat Sources. Abbreviations: VO: virgin olive oil, SO: sunflower oil; FO: fish oil; n: sample size. 
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processes still not well understood. Therefore, continuing gerontological 
research (Li et al., 2014; Sousa-Victor et al., 2014) that involves the 
study of normal aging processes and age-related diseases, is mandatory. 
The difficulty for understanding of the aging process is in part due to the 
complexity of specialized organs and tissues that are highly customized 
to perform essential functions. Many gerontological studies focused on 
organismal aging or aging as it occurs in the whole organism. On the 
other hand, there are studies focused on how aging and age-related 
diseases affect individual organs but the contribution of each organ to 
overall aging is largely ignored or underappreciated from the organ
ismal perspective. Establishing pathological changes and causes of death 
in preclinical research studies from necropsy data provides an optimal 
opportunity to obtain useful translational information when comparing 
outcomes with those of the human population death in aging studies 

investigating interventions to prolong life span (Ladiges, 2016, 2017). 
Unfortunately, the number of studies evaluating the effects of different 
nutritional interventions in aging with the mentioned approach is very 
small. 

The size, temperament, and the wealth of published physiological 
and biochemical data on young rats make rat a good choice for studies of 
the changes that occur during normal aging to perform studies of basic 
mechanisms of aging and age-related diseases (Nadon, 2006). Anyway, 
there are many differences with respect to the incidence and types of 
lesions found in aged rats between strains, but also between different 
colonies or stocks of the same strain, particularly in outbred strains such 
as Wistar (Nadon, 2006). This diversity has been attributed to genetic 
differences but also to environmental factors such as nutrition that is 
known to have an important impact on overall mortality and morbidity. 
The present study was designed to examine if dietary fat sources that 
have shown to affect lifespan and some aging-related changes can 
modulate the range of histopathologic changes that occur during the 
lifespan of Wistar rats in central nervous and endocrine systems. We 
considered both a reduction of incidence and severity of pathologies or a 
possible harmful effect, even chronic toxicity features, since some of the 
studied fats at the assayed doses have shown lipotoxicity in some organs 
(Bullon et al., 2013; Navarro-Hortal et al., 2019a, 2019b; Roche et al., 
2014; Varela-López et al., 2017; 2018). For this purpose, incidence, 
severity, and burden of specific or group (i.e., neoplastic, non-neoplastic 
proliferative, and non-neoplastic non-proliferative) of lesions was 
calculated along with animal’s disease and animal organ lesion burden. 
Moreover, it was attempted to gain insight into the relationship between 
longevity and the development of the different pathological changes, as 
well as possible interaction with diet. With this objective, possible dif
ferences were evaluated in the mentioned histopathologic parameters by 
grouping the animals in 6-month intervals according to their 
age-at-death. 

A wide range of histopathological changes in both systems was 
observed in the cohort of male Wistar rats investigated in the present 
study. Most of the histopathological lesions have been previously 
described in literature. Still, there are some findings that have not been 
previously reported in both cross-sectional (Roth et al., 1993) and lon
gitudinal studies (Kroes et al., 1981; Roth et al., 1993), including his
tological analyses in Wistar rats. Among the non-previously described 
events, the ones that should be considered are necrosis in adrenal glands 
and several neoplastic lesions, such as a lymphoma manifested in mul
tiple organs, pancreatic neuroendocrine adenomas, a squamous cell 
carcinoma in one eye, and a ganglioneuroma as a cerebral tumor. On the 
other hand, different lesions previously described in rats were absent 
here. Concerning eyes, with some exceptions (Kroes et al., 1981), cata
racts and histiocytic infiltration of the ciliary body were noted with 
relative frequency in the eyes of rats in previous studies (Lipman et al., 
1996; Roth et al., 1993; Wolf et al., 2000), but here these lesions were 
absent and only a squamous cell carcinoma with abscess was noted. 

Regarding the incidence of the different lesions, neoplasms were the 
most prevalent lesions found in the rats with 41.4% of animals pre
senting at least one tumor in the evaluated organs. In most of the cases, 
proliferative lesions were benign neoplasms, including the ganglio
neuroma and the granular cell tumors, that were mostly associated with 
vascular and hemodynamic alterations in CNS of the rats and were 
established as COD. Notwithstanding, only 7% had any malignant tumor 
and only two animals showed metastases to other areas different from 
the area where the primary tumor was located. Still, 24.3% of the rats 
died because of some neoplasms, located in the organs of the endocrine 
system. 

The organs most affected by primary neoplasms among those eval
uated were, in this order, the pituitary gland (18.6%), all of them ade
nomas; the brain (10%); and the endocrine component of the pancreas 
(7.1%). Although many metastases (most of them in the lungs) were 
reported in the Wistar stock (Roth et al., 1993), in other stocks, as here, 
its incidence was also low (Kroes et al., 1981; Roth et al., 1993). Tumor 

Fig. 3. Average Severity of Central Nervous and Endocrine Lesions Diagnosed 
at End of Life in male Wistar rat cohorts Fed on Different Fat Sources. Error bars 
represent standard error of the mean. Abbreviations: VO: virgin olive oil, SO: 
sunflower oil; FO: fish oil; n: sample size. 
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incidences may vary considerably from strain to strain (Kroes et al., 
1981; Lipman et al., 1996; Roth et al., 1993), but results found in the 
present research are consistent with the scientific literature that indi
cated that pituitary tumors are very common neoplasms in different rat 
strains (Kroes et al., 1981; Lipman et al., 1996; Roth et al., 1993), 
although there are some exceptions (Zöller et al., 1978; Zöller and 
Matzku, 1978). 

Spontaneous pituitary adenomas have been recognized as common 
findings in old rats (Kovacs et al., 1977). Adenoma of the pituitary gland 
has been reported to have a high incidence in different Wistar rat stocks 
(Kroes et al., 1981) and to be the only notable neoplasm in a Wistar rat 
stock (Roth et al., 1993), but, importantly, incidences of these tumors, 
along with mononuclear cell leukemia, also had one of the highest 
values in the F344 strain (Coleman et al., 1977; Losco and Ward, 1984; 
Maeda et al., 1985). In the present research, proliferative lesions in the 

pituitary gland were seen in 20.2% of animals, a value which is inter
mediate to that seen in F344 rats (39%) and Brown Norway (BN) rats 
(10%) (Lipman et al., 1999), but within the rank of incidences of pitu
itary adenomas (10–47%) found between different colonies of Wistar 
rats (Kroes et al., 1981; Roth et al., 1993). It has been previously 
described that pituitary adenomas may be cystic or have areas of hem
orrhage (Brändli-Baiocco et al., 2018) and this occurred in two animals 
of the present study. However, they could have been highly vascular 
with dilated blood vessels (Brändli-Baiocco et al., 2018) a finding that 
was observed in another two animals of the present study. Adenomas do 
not invade other organs but may have infiltrative growth within the 
gland including the pars intermedia and nervosa, and large adenomas 
may compress the brain (Brändli-Baiocco et al., 2018). Despite the fact 
that the contribution of this pathology to rat morbidity in previous 
studies was lower (Roth et al., 1993), the relevance of pituitary gland 

Fig. 4. Average Lesion and Disease Burdens of Central Nervous and Endocrine Lesions Diagnosed at End of Life in male Wistar rat cohorts Fed on Different Fat 
Sources. Error bars represent standard error of the mean. Abbreviations: VO: virgin olive oil, SO: sunflower oil; FO: fish oil; n: sample size. 
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proliferative lesions for the health of the animals of the present study 
was manifested by the fact that this pathology was responsible for 11.4% 
of the deaths. Moreover, there was another animals with this neoplasm, 
but the COD came from hemorrhages in multiple organs. Lastly, one 
individual presented hemorrhages concomitantly in this organ and in 
the lungs, both contributing to COD of the animal. 

Brain tumors were also important because of their incidence, but also 
because they led to death in almost all cases. Among rodents, the rat 
presents the highest incidence of tumors of the nervous system, which 
reaches 11% (Swenberg, 1986). Almost all proliferative lesions found in 
CNS of the rats of this study were primary neoplasms except for a ce
rebral metastasis from a thyroid carcinoma. As here, several brain tumor 
types have been previously described, but most of them were granular 
cell tumors (Kroes et al., 1981). This type is considered common 
meningeal neoplasm in the rat (Roth et al., 1993), but is not included in 
the human classification. Glial tumors have also been previously found 
in Wistar rats although they were infrequent (Roth et al., 1993). Based 
on the expansive growth pattern in an enclosed cranial space and/or 
their infiltrative behavior, these have been considered a malignant 
neoplasm. In fact, they were responsible for the death of the two rats 
presenting them. Lastly, intracranial ganglioneuromas are very rare in 
rodents (Weber et al., 2011) despite the fact that one was found here. 
Notwithstanding, it has been described in B6C3F1 mice where it was 
established as possibly originating from the trigeminal ganglion (Yasui 
et al., 2009). Regardless of the malignancy of brain tumors, it is also 
known that some intracerebral neoplasms may cause disruption of the 
vasculature in rats that results in substantial perilesional hemorrhage, 
edema, and necrosis (Solleveld and Boorman, 1986) which can seriously 
affect health. In this study, one rat died because of a cerebral hemor
rhagic tumor. In addition, the disruption of the vasculature caused by 
two tumors of cerebral granular cells and a ganglioneuroma could be 
also responsible for ischemic changes observed in the brain of one rat of 
the FO group and two of the VO group. 

As in previous studies in Wistar rats (Roth et al., 1993), lesions of the 
pancreatic islets were almost exclusively proliferative (except for one rat 
that had focal degeneration), and all but one of the proliferative lesions 
were neoplastic. In previous studies in Wistar rats, islet cell adenomas 
were present in 1–7% of the animals, whereas incidence for islet cell 
carcinoma was more reduced, from 0 to 1.5% (Poteracki and Walsh, 
1998; Roth et al., 1993). Similarly, an incidence of 3.7% has been re
ported in Sprague Dawley male rats (Chandra et al., 1992). In the pre
sent study, prevalence of islet cell adenomas was within the reported 
range. In one case, this was associated with necrotizing pancreatitis with 
enzymatic focal necrosis, but this association and possible implications 

of the endocrine neoplasm in the etiopathology of pancreatitis have not 
been reported before. In contrast, islet cell hyperplasia, one of the most 
reported age-related non-neoplastic lesions in the aged rat in other 
studies, especially in BN rats (Lipman et al., 1999), was diagnosed only 
in two rats in the present study. 

Lastly, tumors in the thyroid gland and the adrenal cortex were rare, 
as reported in the literature (Kroes et al., 1981; Russfield, 1966; Tam
aschke, 1955). Regarding proliferative lesions of adrenal cortex, a sub
capsular cell adenoma and a carcinoma were found. Both, adenomas and 
carcinomas of adrenal glands, have been described in Wistar rats, but 
also at similar, very low frequencies (0–2%) (Kroes et al., 1981; Poter
acki and Walsh, 1998; Roth et al., 1993). However, pheochromocy
tomas, reported to be one of the most frequent neoplasms in some Wistar 
rat stocks (5–20%) (Kroes et al., 1981; Poteracki and Walsh, 1998; Roth 
et al., 1993), were not found here. In Sprague Dawley male rats, pro
liferative lesions found in this organ are also rare with 3.6% of the in
dividuals presenting thyroid adenomas (Chandra et al., 1992). Despite 
their low prevalence, tumors in these organs have dramatical conse
quences for the health of the animals because of their invasiveness. 
Carcinoma of the adrenal gland was responsible for the death of the 
animal that presented metastases in the brain and hemorrhagic infarcts 
in the lungs and liver. Likewise, thyroid gland follicular carcinoma was 
also determined as COD and metastatic, reaching the brain. This was 
presented in association with hemorrhagic infarcts observed in lungs 
and liver from the same animal, which correlated with the presence of 
thrombi in cardiac cavity and vascular congestion in bone marrow. 
Several studies indicate that high levels of thyroid hormone lead to more 
coagulation and less fibrinolysis (Akinci et al., 2011; Demir et al., 2009; 
Engelmann et al., 2015; Hooper et al., 2012; Horacek et al., 2015; Liu 
et al., 1993; Myrup et al., 1995; Stuijver et al., 2012; Verkleij et al., 
2013) increasing the risk of venous thromboembolism (Danescu et al., 
2009; Dekkers et al., 2017; Lin et al., 2010; Ramagopalan et al., 2011). 
Maybe, transient hyperthyroidism occurred during carcinoma develop
ment in this rat causing the mentioned hemodynamic alterations, but 
this has not been described in scientific literature in rats. 

Non-neoplastic non-proliferative lesions affecting the central ner
vous system and endocrine system were much reduced and, moreover, 
they constituted a common COD as in previous studies. Hemorrhages 
and infarcts were the most lethal, but they also occurred concomitantly 
in other systems and in many cases the primary cause was not estab
lished, suggesting some alteration with systemic consequences, although 
the cause was not clear. 

Non-proliferative lesions of the adrenal gland have been reported to 
be very common in F344 rats and both F344BN F1 and BNF344 F1 hy
brids (Lipman et al., 1996) whereas the estimated incidence in a cohort 
of Sprague-Dawley male rats was 1.2% (Chandra et al., 1992). Here, 
only four rats presented some non-proliferative lesions in the adrenal 
gland. Blood-filled sinuses (telangiectasis) and cysts (peliosis) have been 
reported as common findings in rats (Yarrington and O’Neal Johnston, 
1992). In BN/Bi and WAG/Rij strains a 5% incidence has been reported 
for telangiectasia (Burek, 2017). Here, vascular congestion was 
observed in the adrenal gland of the four animals, in one of them 
accompanied by a hemorrhage, but also in other organs. Anyway, these 
were considered acute sings of death secondary to other processes. 
Lastly, fatty change was detected in three rats. In one rat, it was asso
ciated with congestion that also appeared along with necrosis in another 
rat. Another two rats died from multiple organ infarcts; adrenal glands 
were also affected. 

Concerning the brain, only a few spontaneous non-neoplastic lesions 
were described in the brains of Wistar rats from other colonies. These 
included hydrocephalus and mineralization (Roth et al., 1993). 
Notwithstanding, atherosclerosis, hemorrhage and necrosis have been 
described in brains of Fisher 344 (F344) rats older than 18 months 
(Coleman et al., 1977). Similarly, non-proliferative lesions found in the 
brains of the rats in the present study were mostly vascular or were 
related to vascular alterations. Among them, hemorrhages were the 

Fig. 5. Average Number of Central Nervous and Endocrine Lesions Diagnosed 
at End of Life in male Wistar rat cohorts Fed on Different Fat Sources. Error bars 
represent standard error of the mean. Abbreviations: VO: virgin olive oil, SO: 
sunflower oil; FO: fish oil; n: sample size. 
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most frequent lesions, leading or relating to death in all cases. These 
manifest in several ways within the nervous system. In this case, it was 
possible to distinguish three meningeal (subarachnoid) hemorrhages 
and one intracerebral hemorrhage. Isolated hematomas are quite rare in 
rodents (Jubb and Huxtable, 1992). In fact, erosion or rupture of 
vascular walls in the meninges or parenchyma commonly arises from 
pathologic processes (Jubb and Huxtable, 1992; Kaufmann et al., 2012) 
or trauma. In two cases, meningeal hemorrhages occurred in a context of 
vascular congestion in multiple organs related to prostatitis that was the 
cause of death. Another rat presented sings of hemorrhage in the brain 
and lungs accompanied by a certain degree of vascular congestion in the 
lungs and liver. As several foci of enzymatic necrosis were observed in 
the pancreas, the pathological process observed in this organ was 
considered responsible for the above mentioned alterations and estab
lished as COD. As mentioned, in four cases, vascular alterations would 
be a consequence of vasculature disruption by brain tumors. In one 
subject, these consisted of hemorrhages that were enough severe to 
cause death. In the other three, the disruption of the vasculature was 
caused by two tumors of cerebral granular cells and a ganglioneuroma 

that would be also responsible for ischemic changes observed in the 
brain. 

Contrary to other rat stocks, non-neoplastic proliferative lesions 
were absent in the thyroid gland. Similarly, cataracts and histiocytic 
infiltration of the ciliary body previously reported in Wistar rats (Roth 
et al., 1993) were unobservable here. 

Lastly, non-neoplastic proliferative lesions were rare. In a previous 
study (Roth et al., 1993) hyperplasia had been reported in several sites 
and organs, including bile duct, parathyroids, and adrenal medulla 
(Roth et al., 1993). Here, it was mainly observed in pancreas, and also in 
the pituitary gland. Another important issue for aging research is to 
focus on the so-called age-related pathologies. It is not feasible to study 
aging without considering age-related lesions. Some authors reported an 
age-dependent increase in the tumor percentage (Coleman et al., 1977; 
Gilbert et al., 1958; Prejean et al., 1973; Ross and Bras, 1971; Schardein 
et al., 1968). Furthermore, in animals dying at an early age from other 
pathological conditions, the incidence of tumors located in both system 
organs is low. Neoplasms affecting the organs were evaluated in this 
study and it was found that two gliomas were the cause of death in all 

Fig. 6. Neoplastic lesions found in the central 
nervous system (CNS) after hematoxylin and 
eosin staining. Image captures were obtained using a 
DP27 camera Olympus (Tokyo, Japan) from a Olyn
pus BX41 microscope. A. Hemorrhagic glioma NOS 
(not otherwise specified, the presence or absence of 
mutation is not specified) (note the large vascular 
spaces filled with red blood cells). B. Glial malignant 
cells infiltrate in the brain parenchyma. C. Solid nests 
of cells of epithelial lineage (brain metastasis) within 
the brain parenchyma. D. Ganglioneuroma. E. Gran
ular cell tumor. F. Granular cell tumor. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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animals that died early (before 24 months). Other tumors, for example, 
granular cell tumors, insulomas (pancreatic endocrine adenoma), and 
phaeochromocytomas have been reported to appear only later (after 24 
months) in life (Dunning, 1963; Pollard and Luckert, 1975; Shain et al., 
1975). Moreover, here, as in previous studies, metastases were usually 
not seen before 22 months (Kroes et al., 1981). Nevertheless, despite, the 
above mentioned coincidences, no statistically significant associations 
were found between age-at-death and tumor incidences in central ner
vous and endocrine systems and individual organs in this study. More
over, previous studies, have concluded that many tumors did not cause 
illness or death and were therefore discovered only at the time of au
topsy since most of them appeared only after 24 months (Kroes et al., 
1981). However, except for tumors affecting the pancreas, in the present 
study most of the neoplasms were responsible for death. Thus, in the 
case of pancreatic neoplasms, establishing age-related associations as 
above could be quite arbitrary. Regarding non-neoplastic lesions, results 
from different studies supported an age-associated increasing incidence 
of cataracts and histiocytic infiltration of the ciliary body (Roth et al., 
1993), and focal hyperplasia of adrenal gland (Roth et al., 1993), at least 
in the stocks where these lesions were frequently found. In any case, it 
seems that the incidences of many other lesions were too small to 
establish an age-related relationship. In the present study, it was found 
that the incidence of brain lesions in rats that died at age of 6–12 months 
was lower than those observed in rats that died at age of 24–36 months, 
but only when data of three dietary groups were combined, which again 
emphasizes the importance of sample size when studying the associa
tions with age-at-death. Despite relationships found in this and other 
studies, it is also not appropriate to consider lesions as mere epiphe
nomena of aging, because aging cannot be measured as an entity apart 
from the lesions that are found associated with it (Lipman et al., 1999). 

Regarding aging, a general trend for laboratory rodents is that lesions 
develop with increasing frequency as a function of age, which is 
considered endogenous to the process of aging (Lipman et al., 1996, 
1999). For this reason, lesion incidence itself has been suggested as a 
biomarker of aging (Lipman, 1997). Considered its utility, the number of 
lesions affecting the endocrine system, nervous system or both were 
compared to clarify if there were different rates of aging between dietary 
groups. However, no differences were found between dietary groups or 
age-at-death groups (data not shown). This was expected because of the 
longitudinal design of the study. On the other hand, the fact of only 
considering lesions affecting both of systems is an important limitation 

for the power of this parameter. 
Because the genotype and environment were kept constant and 

because sampling artifacts did not play a significant role, the variability 
in prevalence of most lesions comes from chance alone. Moreover, since 
the prevalence of most lesions increased with age, at least when results 
from different studies were taken into account, it can be argued that the 
effect of aging on lesion development is to increase the odds that an 
animal will develop any of the lesions to which it is genetically predis
posed (Lipman et al., 1999). Given the stochastic nature of lesion 
development, one rat will develop one set of lesions and another iden
tical rat will develop a different set, though both will be subsets of the 
total repertoire of lesions that the genotype can develop. Rats of another 
genotype will also differ from one another for the same reasons. Some of 
their lesions will be the same as those of the other rat genotype, because 
both genotypes share some common age-related lesion genes. The more 
similar two genotypes are, the more similar will be the set of lesions that 
they can develop. However, if two genotypes are genetically quite 
different, as are the F344 and BN strains, then their sets of age-related 
lesions will be distinct. Future studies on aging should focus on those 
things that change in individuals as they age which make them more 
likely to develop specific lesions. Results from previous studies (Lipman 
et al., 1999) strongly suggest that the set of lesions that any rat genotype 
develops is regulated by both genes and diet. 

Importantly, it has been widely demonstrated that manipulation of 
environmental factors (e.g diet, specific-pathogen-free status, lighting) 
could impact on the pattern of pathology noted in lab animals. In this 
sense, dietary or caloric restriction led to a decrease in the prevalence of 
most age-related lesions, at least of those evaluated, whether neoplastic, 
non-neoplastoic proliferative, or non-proliferative, in different rat 
strains including F344, BN, BNF344Fl hybrids andLobund-Wistar rat 
(Snyder et al., 1990), but also Wistar (Goodrick et al., 1982). Some ex
amples are nephropathy (Goodrick et al., 1982; Maeda et al., 1985) and 
tumors (Goodrick et al., 1982), In turn, this has been related to a 
reduction of mortality and increased median lifespan values (Goodrick 
et al., 1982; Maeda et al., 1985). One exception is retinal degeneration 
(Lipman et al., 1999). Consequently, caloric restricted rats nearly always 
appear younger than ad libitum rats of the same chronological age 
because their lesion burdens are smaller (Lipman et al., 1999). A similar 
effect could be attributed to other dietary interventions. In this sense, 
Masoro et al. (1989) noted a marked influence on the incidence of ne
phropathy in Fischer 344 rats associated with the amount and type of 
dietary protein, a dietary factor also associated with longevity in rodents 
(Orentreich et al., 1993; Zimmerman et al., 2003). 

Regarding dietary fat, it has been reported that administration of 
corn oil by gavage increased the incidence of acinar hyperplasia, ade
nomas and adenocarcinomas in rats (Eustis and Boorman, 1985; Hase
man et al., 1985). Moreover, it has been reported that n-6 PUFA of 
sunflower oil could impact favorably upon mortality, which in turn 
might unveil other pathologies emerging at later ages (Ferrucci et al., 
2019). However, median lifespan has been reported to be higher in rats 
fed diets with virgin olive oil as dietary source compared to those 
receiving a diet with sunflower oil as dietary fat (Ramirez-Tortosa et al., 
2020). Despite the fact that the effects of diets like those used in this 
study have been scantly evaluated in organs of the nervous and endo
crine system, several aspects of the pancreas have been reported to be 
differentially affected (Fig. 3 and Table S3). Compared with animals fed 
on a virgin olive oil–based diet, 24-month-old rats receiving a sunflower 
oil–based diet showed a higher number of β-cells and insulin content at 
pancreas level (Roche et al., 2014). However, no differences between 
dietary groups were observed here concerning pancreatic neoplasms 
prevalence or severity. Anyway, new publications are expected to be 
published evaluating other organs and systems with a similar approach. 
Moreover, it would be interesting to perform new studies comparing 
different age groups to clearly test if onset and progression of certain 
pathologies could be modulated by dietary fat despite their prevalence 
were similar. 

Fig. 7. Lesions found in adrenal glands after hematoxylin and eosin 
staining. Image captures were obtained using a DP27 camera Olympus (Tokyo, 
Japan) from a Olynpus BX41 microscope. Fatty Change (vacuolization cortical 
increased diffuse). 
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5. Conclusions 

Most of the histopathological lesions found here have been described 
in literature. Neoplasms and in particular pituitary adenomas followed 
by brain tumors were the most prevalent lesions found in the rats. In 
addition, they were also the main COD in most rats that died from any 
pathology affecting the neuroendocrine system. Non-proliferative le
sions, mainly hemorrhages and infarcts, affecting CNS and endocrine 
system were greatly reduced, and, moreover, they constituted an 
important COD. Regarding associations with age, it seems that the in
cidences of many other lesions were too small to establish an age-related 
relationship. Dietary fats assayed in the present research have shown 
interesting effects on longevity and aging related changes in different 
organs, which would probably indicate a delay of the aging process. 
However, these previously described effects did not seem to have dif
ferential effects on pathological changes occurring in central nervous 
and endocrine systems throughout rat lifespan, at least with the cohort 
size investigated in the present study. 
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Speranza, L., Battino, M., Quiles, J.L., 2017. Loss of bone mineral density associated 
with age in male rats fed on sunflower oil is avoided by virgin olive oil intake or 
coenzyme Q supplementation. Int. J. Mol. Sci. 18, 1397. 
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