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ABSTRACT. The Western diet, which is typically high in saturated fatty 
acids (SFAs) and low in n-3 polyunsaturated fatty acids (PUFAs), has been 
identified as a factor contributing to the growing obesity rate. Long-term 
consumption of high-fat diets (HFDs) has also been associated with increased 
risk of chronic kidney disease. Therefore, we hypothesized that different fatty 
acids composition in HFDs would differentially affect renal microstructure and 
expression pattern of selected genes. Swiss-Webster male mice (n = 24) 
were fed a standard chow for mice (STD) or HFDs rich in SFAs, and rich in 
PUFA with a linoleic acid (LA) to α-linolenic acid (ALA) ratio of 14:1 (HR) or 
5:1 (LR) for 3 months. We observed that both the SFA and HR groups had 
increased epithelial cell vacuolisation, collagenous tissue area and number 
of TUNEL-positive cells, accompanied by elevated Kim-1 expression in the 
kidneys. Sod1 and Cat were up-regulated, while Cox2 was down-regulated 
in the kidneys of HR mice when compared to the STD group. Both PUFA-
rich HFDs down-regulated the Ren1 and Agt genes. The HR diet also caused 
an increased deposition of AQP2 in the basolateral membrane (BLM) and 
intracellular space of collecting duct (CD) cells. In both the HR and SFA groups, 
an increased expression of the Aqp3 gene and AQP3 protein in CD cells was 
observed. In conclusion, the findings suggest that higher levels of ALA in the 
HFD were associated with a reduction in the severity of renal tissue lesions. 
Diets rich in SFAs or LA have the potential to modify the renal mechanism of 
facultative urine concentration by altering the expression and/or distribution of 
AQP2 and AQP3 in the kidneys.
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Introduction
Obesity is considered a disease of civilisation, 

which takes the form of an epidemic and continuous 
to be a major public health concern. Its development 
is clearly associated with long-term consumption of 
high-calorie diets, particularly those rich in satu-
rated fatty acids (SFAs), and limited physical activ-
ity (Wickman and Kramer, 2013). Obesity has been 
proven to be one of the factors contributing to the 
development of long-term diseases such as chronic 
kidney disease (CKD), although the complex rela-
tionship between obesity and CKD is not yet fully 
elucidated (Than et al., 2020). The qualitative com-
position of dietary fatty acids has a significant im-
pact on metabolism and the ability to accumulate 
lipids in adipose tissue and other body parts (Duran-
Montgé et al., 2008). One of the first dietary recom-
mendations aimed at improving health was based 
on limiting the consumption of saturated fatty acids 
in favour of polyunsaturated fatty acids. However, 
this resulted in an unfavourable increase in the con-
sumption of n-6 fatty acids (Hintze et al., 2012), and 
a marked reduction in the intake of n-3 fatty acids 
(Simopoulos, 2008). Current dietary recommenda-
tions suggest maintaining an appropriate ratio be-
tween n-6 and n-3 fatty acids, i.e. 2–5:1, in the diet 
(Pischon et  al., 2003). This is due to the fact that 
the metabolism of both groups of acids involves the 
same set of enzymes, which have a higher affinity 
for the metabolism of n-6 acids. An elevated ratio of 
n-6 to n-3 acids causes an increase in the synthesis 
of active metabolites of arachidonic acid, belonging 
to the n-6 group, showing mainly pro-inflammatory 
and pro-oxidant effects, while limiting the produc-
tion of n-3 acid metabolites with anti-inflammatory 
and antioxidant properties. This imbalance can lead 
to the development of chronic metabolic diseases 
(Liput et al., 2021).

It has been proven that the development of 
chronic kidney disease resulting from high-calorie 
or high-fat diets is associated with disturbances in 
cell energy metabolism. Excessive supply of fatty 
acids impairs mitochondrial function, leading to dis-
ruptions in the electron transport chain and genera-
tion of reactive oxygen species. As a result, structur-
al changes occur in mitochondrial cristae, reducing 
the intensity of β-oxidation of fatty acids. Unme-
tabolised fatty acids are deposited in the cells of re-
nal tubular epithelium in the form of lipid droplets 
rich in triacylglycerols (Tang et al., 2016). This ex-
cess of lipids contributes to oxidative stress, which 
decreases the activity of enzymes involved in the  

detoxification of reactive oxygen species (Costa 
et  al., 2020). Oxidative stress can activate mecha-
nisms associated with the development of inflam-
mation, leading to numerous changes in the kidney 
microstructure, including increased collagen depo-
sition, epithelial cell vacuolisation, thickening of the 
glomerular basal membrane, enlargement of mesan-
gial cells of the glomerulus, autophagy and/or apop-
tosis of glomerular vascular endothelial cells and tu-
bular epithelial cells (Kume et al., 2007; Szeto et al., 
2016). It is worth noting that the pro-inflammatory 
effect of high-fat diets based on saturated fatty acids 
(SFAs) can be inhibited by supplementation with 
docosahexaenoic acid (DHA), which belongs to the 
n-3 fatty acid series (Huang et al., 2012).

We therefore hypothesized that feeding mice 
with high-fat diets with varying fatty acid composi-
tions for three months would have a distinct impact 
on the histological structure of their kidneys and 
the expression of genes involved in cell protection 
against oxidative stress, inflammation, water-elec-
trolyte homeostasis, and polyunsaturated fatty acids 
(PUFA) metabolism. The diets were categorized 
based on their fatty acid composition as follows: 
(i) high in saturated fatty acids, (ii) high in PUFA 
with a disturbed n-6/n-3 fatty acid ratio (14:1), and 
(iii) with a  normal ratio of these fatty acids (5:1). 
Therefore, the objective of this study was to investi-
gate the effect of high-fat diets differing in fatty acid 
composition on the health status of the kidneys.

Material and methods

Animals, diets, housing conditions, 
experiment termination

The experimental procedures were approved by 
the 2nd Warsaw Local Ethics Committee for Animal 
Experimentation (decision no. WAW2_22/2016). 
The housing and feeding conditions of the animals 
were previously described by Lepczyński et  al. 
(2021). Briefly, the experiment included 24  male 
Swiss-Webster mice, which were housed under con-
trolled temperature and humidity with a 12-h light/
dark cycle with free access to water. Before the ex-
periment, animals were fed a standard growth diet 
for mice from 2  to 10  weeks of age. The animals 
were then randomly assigned to one of four groups  
(n = 6) and received their specific diets for 3 months. 
The control group (STD) was fed Labofeed  H, 
a standard mouse feed (Morawski, Żurawia, Poland) 
with a  total fat content of 4.2% in fresh weight. 
Three other groups were given high-fat diets (HFDs)  
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containing approx. 24% of total fat content with vary-
ing qualitative fatty acid composition obtained by 
adding suitable plant oils to the standard diet. Once 
the oils were added, each diet was homogenized and 
the resulting feed was divided into aliquots, vacuum 
packed and stored in the dark. The first experimental 
group was fed a HFD rich in saturated fatty acids 
(SFA group) based on the addition of virgin coco-
nut oil. The other HFDs were rich in PUFA, but one 
of them was prepared by adding pumpkin seed oil 
rich in n-6 fatty acid, resulting in a dietary LA/ALA 
ratio of 13.76:1 (high ratio, HR group). The last ex-
perimental group received a diet with the addition 
of a plant oil mixture, resulting in a LA/ALA ratio 
of 5:1 (low ratio, LR group). Table 1 provides in-
formation on the macronutrient composition of the 
control and experimental diets, while Table 2 sum-
marises the main constituents of HFD preparations. 
Qualitative and quantitative analysis of FA compo-
sition in HFDs was performed using a GC-7890 gas 
chromatograph (Agilent Technologies, Inc., Santa 
Clara, CA, USA) with a  flame ionization detector 
(FID). The chromatograph utilized a 60 m capillary 

column with an internal diameter of 0.25 mm and 
a  stationary phase thickness of 0.20 μm (Hewlett-
Packard-88, Agilent J&W GC Columns, Santa 
Clara, CA, USA). Helium, with the flow rate set at  
50 ml/min, was used as a carrier gas. The tempera-
ture of the injector and detector was set to 260 °C. 
The temperature program applied in the analysis was 
as follows: 1) from 140 °C to 190 °C (4 °C/min), 2) 
from 190 °C to 215 °C (0.8 °C/min). The FA content 
was determined against Supelco  37  Component 
FAME Mix, 47885-U standard (Sigma-Aldrich Co., 
Saint Louis, MO, USA). The animals were given 
all diets twice daily to avoid FA oxidation. After  
a 12-hour overnight fast, the animals were weighed 
at the end of the feeding trial, and euthanised us-
ing a  UNO Euthanasia Unit (Uno Roestvaststaal 
BV, Zevenaar, Netherlands). Carbogen gas (mixture 
of 95% O2 + 5% CO2) was first introduced into the 
cage to obtain maximal saturation of blood with 
oxygen. Then, the carbogen flow was stopped and 
100% CO2 was introduced into the cage to eutha-
nise the animals. After euthanasia, the kidneys were 
immediately collected and weighed. The left kidney 
was subjected to histological analysis, and the right 
kidney was used for mRNA isolation.

Histological analyses
The dissected mouse kidneys were routinely 

fixed in 4% buffered formaldehyde for at least 24 h, 
washed in a graded ethanol series and xylene. The 
specimens were embedded in paraffin blocks and 
cut into 3  μm sections, which were transferred 
onto poly-lysine slides. Before each staining, the 
kidney sections were deparaffinised in xylene and 
rehydrated in decreasing ethanol concentrations.  

Table 1. Macronutrient composition of control and experimental diets

Nutrient, % Control diet                      HFDs
STD SFA HR LR

Protein 22 17.4 17.4 17.4
Fat 4.2 24.3 24.3 24.3
Fibre 3.5 2.8 2.8 2.8
Ash 5.7 4.5 4.5 4.5
HFDs  – high-fat diets; STD  – labofeed  H, standard chow for mice; 
SFA – HFD rich in saturated fatty acids; HR – HFD rich in polyunsatu-
rated fatty acids (PUFA) with a  linoleic acid (LA) to α-linolenic acid 
(ALA) ratio of 14:1; LR – HFD rich in PUFA with a LA to ALA ratio of 5:1

Table 2. Experimental high-fat diets (HFDs) and their fatty acid composition*

Group Components g LA/ALA % SFA1 % PUFA % MUFA
SFA2 Labofeed H 790 1.41 76.87 11.04 12.09

virgin coconut oil 200
pumpkin seed oil 10

HR Labofeed H 790 13.76 1.68 82.21 16.10
pumpkin seed oil 210

LR Labofeed H 790 5.00 9.91 79.69 10.40
sunflower seed oil 80
pumpkin seed oil 65
avocado oil 20
virgin coconut oil 20
hemp seed oil 15
maize oil 10

* according to the co-author of the present article – Lepczyński et al. (2021); LA/ALA – ratio of linoleic acid (LA, 18:2n-6) to α-linolenic acid (ALA, 
18:3n-3); SFA1 – saturated fatty acids; MUFA – monounsaturated fatty acids; PUFA – polyunsaturated fatty acids; SFA2 – animals fed HFD rich 
in saturated fatty acids; HR – animals fed HFD rich in PUFA with a LA to ALA ratio of 14:1; LR – animals fed HFD rich in PUFA with a LA to ALA 
ratio of 5:1
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The sections were then stained with haematoxylin 
and eosin (H&E) (Sigma-Aldrich Co., Saint 
Louis, MO, USA) to visualise the general kidney 
architecture, and with Masson trichrome (Sigma-
Aldrich Co., Saint Louis, MO, USA) to show 
collagen fibres. 

TUNEL assay
The terminal deoxynucleotidyl transferase 

dUTP nick-end labelling (TUNEL) assay was per-
formed according to the manufacturer’s instructions 
(ApopTag® Peroxidase In Situ Apoptosis Detection 
Kit; Millipore, Billerica, MA, USA) to detect nucle-
ar DNA fragmentation related to apoptosis. Kidney 
sections were deparaffinised, rehydrated and digest-
ed with proteinase  K. The activity of endogenous 
peroxidase was blocked by treating all slides with 
0.3% hydrogen peroxide in methanol (30 min). The 
slides were then incubated with terminal deoxynu-
cleotidyl transferase (TdT; Millipore™, Billerica, 
MA, USA) for 60 min at 37 °C in a humid chamber. 
After washing with PBS, the slides were incubated 
with peroxidase-conjugated antidigoxigen antibody 
for 30 min in a humid chamber. Diaminobenzidine 
was used to visualise the reaction. Finally, the slides 
were counterstained with Mayer’s haematoxylin, 
dehydrated and coverslipped. A  negative control 
was also included. The sections were examined un-
der a light microscope (Olympus BX 41, Hamburg, 
Germany).

Quantitative analysis of morphological 
parameters, Masson’s trichrome staining 
and TUNEL-positive cells

Slides stained with H&E and Masson’s tri-
chrome, and immunolabelled with TUNEL were 
scanned at a magnification of 400 × (resolution of 
0.25  μm/pixel) using an ScanScope AT2 scanner 
(Leica Microsystems, Wetzlar, Germany). The ob-
tained digital images were analysed using an Aperio 
ImageScope viewer (ver. 11.2.0.780; Aperio Tech-
nologies, Vista, CA, USA) on a computer screen.

Glomerulal diameter (µm) was assessed using 
a ruler tool on H&E-stained kidney tissue sections. 
One hundred and forty renal glomeruli were anal-
ysed in each group. 

Quantitative collagen analysis in mouse kidneys 
stained with Masson trichrome and TUNEL stain 
was carried out using the Positive Pixel Count  v9 
algorithm (ver. 9.1; Aperio Technologies, Vista, CA, 
USA). Areas of analyses were delineated manu-
ally. The percentage of collagen that was posi-
tive in Masson’s trichrome staining and the total 
number of positive nuclei in TUNEL assay were  

calculated in 50 random fields for each group, with 
an average area of 1.73 mm2 (STD group), 1.54 mm2  
(SFA group), 1.42 mm2 (HR group), and 1.58 mm2 
(LR group).

Immunohistochemical analysis  
of aquaporins (AQPs) expression

Kidney sections (2–3 μm thick) were first depa-
raffinised with xylene and then rehydrated with a se-
ries of increasing ethanol dilutions. Subsequently, 
0.3% hydrogen peroxide in methanol was used to 
block endogenous peroxidase activity. To reveal an-
tigens, sections were boiled for 16 min in 1 mM Tris 
solution (pH 9.0) with 0.5 mM egtazic acid (EGTA) 
using a  microwave oven. Non-specific Ig binding 
was prevented by incubating the sections in 50 mM 
NH4Cl for 30  min, followed by antigen blocking 
(1% BSA, 0.05% saponin, and 0.2% gelatine in 
PBS). Sections were then incubated with anti-AQPs 
primary antibodies (AQP2 – NB110-74682, AQP4 – 
NBP1-87679, Novus Biologicals, LLC, Centennial, 
CO, USA; AQP3 – ab153694, Abcam, Cambridge, 
United Kingdom) diluted in 0.01 M PBS with 0.1% 
BSA and Triton X-100 (overnight, 4 °C). The anti-
AQP2, -AQP3, and -AQP4 primary antibodies were 
used at dilutions of 1:2000, 1:2000, and 1:3000, re-
spectively. Subsequently, the slides were incubated 
with a complex containing a horseradish peroxidas-
econjugated secondary antibody (P0448, Agilent 
Technologies Inc., Santa Clara, CA, USA) at a di-
lution of 1:200. Diaminobenzidine in chromogen 
solution (K3468, Agilent Technologies Inc., Santa 
Clara, CA, USA) was used for signal development. 
Mayer’s haematoxylin (Sigma-Aldrich Co., Saint 
Louis, MO, USA) was used as a  counterstain. In 
the final step, all slides were dehydrated and cov-
erslipped. The specificity of immunostaining was 
confirmed by replacing the primary antibody with 
IgG from rabbit serum. To ensure consistency, all 
reactions using a  particular antibody were carried 
out under the same time and condition. Immunos-
tained slides were scanned at a  magnification of 
400 × (resolution of 0.25 μm/pixel) using a Scan-
Scope AT2 scanner (Leica Microsystems, Wetzlar, 
Germany). The following algorithms were used for 
quantitative analyses of AQP expression in select-
ed parts of the kidney: the membrane v9 algorithm 
(ver. 9.1; Aperio Technologies, Vista, CA, USA) for  
AQP2-4 expression analysis in the apical and ba-
solateral membranes, and the cytoplasmic v2 al-
gorithm (ver. 2.0; Aperio Technologies, Vista, CA, 
USA) to analyse AQP2 expression in intracellular 
space. The percentage of renal tubular cells with 
strong, moderate, and weak positive immunostaining  
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in the membranes and intracellular vesicles were 
calculated. The percentage of cells expressing indi-
vidual AQP for each group separately was counted 
in a  total of 30  random fields, with 20–30 tubules 
per field. 

RT-qPCR analysis of gene expression 
RNA isolation

A  tissue fragment (n  = 5 per group) was 
added to 1  ml of Trizol (MRC, Cincinnati, OH, 
USA) and homogenised using a  TissueRuptor 
(Qiagen GmbH, Hilden, Germany) to isolate 
RNA. Additional purification was performed using 
a commercial kit (Universal RNA Purification Kit, 

EURx, Gdansk, Poland). RNA quality and quantity 
were checked by electrophoresis on a 2% agarose gel, 
and spectrophotometrically using a NanoDrop 2000 
(Scientific Nanodrop Products, Wilmington, DE, 
USA).

Gene expression analysis

After RNA isolation, cDNA was synthesised 
using the Maxima First Strand cDNA Synthesis Kit 
for RT-qPCR (Thermo Scientific, Vilnius, Lithuania) 
following the manufacturer’s recommendations. 
The obtained cDNA was used for the real-time PCR 
reaction, which included Maxima SYBR Green 
qPCR Master Mix (Thermo Scientific, Vilnius, 
Lithuania), 1 μM each primer, and 140 ng of diluted 
cDNA. The program was run in a LightCycler II 480 

(Roche Diagnostics, Basel, Switzerland). Each 
reaction was conducted in two technical replicates. 
The primer sequences are presented in Table 3. Genes 
were selected according to their biological functions 
related to pro-inflammatory response, oxidative 
stress response, kidney damage, metabolism of 
polyunsaturated fatty acids and their metabolites 
and genes regulating renal function. Relative gene 
expression analysis was conducted separately for 
each experimental group using the ΔΔCt method with 
glyceraldehyde 3-phosphate dehydrogenase and actin 
beta serving as reference genes. Geometric means of 
the cycle threshold (Ct) values of the reference genes 
were used in the analysis.

Statistical analysis
All statistical analyses were carried out using 

Statistica 13.1 software (StatSoft, Kraków, Poland). 
Quantitative data (glomerulal diameter, percentage of 
collagenous tissue and TUNEL-positive cells, AQP 
expression) were first analysed for normality using 
the Shapiro-Wilk test. Since the obtained values 
did not follow a  normal distribution, the Kruskal-
Wallis test was used to determine the significance of 
the differences between the groups, followed by the 
Dunn multiple comparison test for post hoc analysis. 
A  P-value  < 0.05 was considered statistically 
significant. Statistical analyses of mRNA expression 
levels were performed by comparing the ΔΔCt value 
of each experimental group with that of the control 
group using a t-test (P < 0.05).

Table 3. Primer sequences

Gene symbol Gene name Forward primer sequence (5’→3’) Reverse primer sequence (5’→3’)
Gapdh Glyceraldehyde  

3-phosphate dehydrogenase
TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA

Actb Actin beta GAGGTATCCTGACCCTGAAGTA CACACGCAGCTCATTGTAGA
Il-6 Interleukin-6 TGGGACTGATGCTGGTGACA CTA TTTCCACGATTTCCCAGAG
Ccl2 Chemokine (C-C motif) ligand 2 CCCAATGAGTAGGCTGGAGA AAAATGGATCCACACCTTGC
Sod1 Superoxide dismutase 1 GTGATTGGGATTGCGCAGTA  TGGTTTGAGGGTAGCAGATGAGT
Cat Catalase GCGTCCAGTGCGCTGTAGA TCAGGGTGGACGTCAGTGAA
Prdx6 Peroxiredoxin 6 TTGATGATAAGGGCAGGGAC CTACCATCACGCTCTCTCCC
Kim-1 Kidney injure molecule 1 tccacacatgtaccaacatcaa gtcacagtgccattccagtc
Cyp2c29 Cytochrome P450, family 2, subfamily c, 

polypeptide 29
GCTCTCCTACTCCTGCTGAAGT ATGTGGCTCCTGTCTTGCATGC

Alox5 Arachidonate 5-lipoxygenase TGTTCCCATTGCCATCCAG CACCTCAGACACCAGATGCG
Cox2 Cyclooxygenase 2 AGCGAGGACCTGGGTTCAC AAGGCGCAGTTTATGTTGTCTGT
Ephx2 Soluble epoxide hydrolase 2 CTGTGGCCAGTTTGAACACG ATCACTGGCTCGGAAGAAGC
Ren1 Renin 1 GACTCCTGGCAGATCACGAT ACCTGGCTACAGTTCACAACATATT
Agt Angiotensinogen GGAACGACCTCCTGACTTGG TCAGATTTGCCTCCGCACC
Aqp3 Aquaporin 3 AACCCTGCTGTGACCTTTG GCTGCTGTGCCTATGAACTG
Lepr Leptin receptor CGGAGAGCCACGCAACTT CAGCCCCGGGCAGTTT
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Results 
At the end of the experimental period, signifi-

cant differences in body weight gain and final body 
weight, were observed as an effect of HFD ingestion, 
as previously reported by Lepczyński et  al. (2021). 
Additionally, significant alterations in total and rela-
tive kidney weight were also observed in mice fed 
HFDs. Total kidney weight was significantly higher 
in animals from the SFA and LR groups. In contrast, 
relative kidney weight was significantly lower in ani-
mals fed the HR diet. The results of these morpho-
logical parameters are summarised in Table 4. 

Histological observations of kidney structure 
using light microscopy revealed normal renal 
architecture in the STD and LR groups. However, 
in the SFA group, marked structural changes were 
observed that closely resembled tubulointerstitial 
nephritis. Interstitial oedema and tubulointerstitial 
infiltration of inflammatory cells were also recorded. 
Moreover, renal tubular histopathological changes 
in the form of intensive cytoplasmic vacuolisation 
of epithelial cells were observed in mice receiving 
the SFA and HR diets. However, the intensity of 
this phenomenon appeared to be highest in the SFA 
group. Vacuoles in the LR group were infrequent, 
while in the STD group, few or no vacuoles were 
observed (Figure 1A–H). 

The diameter of the glomerulus did not differ 
between the groups. Similarly, blue-stained fibres 
were present in collagen fractions of the kidneys 
inall groups (Figure  1I–L). The percentage of 

collagen was significantly lower in the STD 
group than in the SFA (P  < 0.001) and HR  
(P = 0.015) groups, but no substantial differences 
were demonstrated between the STD and LR 
groups (Table 4). 

In all mouse kidneys, TUNEL-positive cells (with 
nuclear DNA fragmentation) were characterised 
by a  brown-stained nuclei (Figure  1M–P). The 
percentage of TUNEL-positive cells was significantly 
higher (P < 0.001) in the SFA and HR groups than in 
the control group. However, there was no statistical 
difference between the STD and LR groups  
(Table 4).

Immunohistochemical analysis of kidney sec-
tions revealed differences in the expression patterns 
of AQPs 2, 3 and 4. The corresponding representative 
slides of immunostained kidney samples are shown in 
Figure 2, and the graphs visualising these protein ex-
pression patterns as percentages of cells with strong, 
moderate and weak expression in specific cell domains 
are presented in Figure 3. For AQP2 (Figure 2A–D), 
a significantly higher expression was observed in the 
basolateral membrane and intracellular space of col-
lecting duct (CD) cells in the kidneys of the HR group. 
A relatively high expression of this protein was also 
observed in the SFA group. Similarly, the expres-
sion of AQP3 (Figure 2E–H) was significantly higher  
in the basolateral membranes of CD cells of mice 
fed the SFA and HR diets. Regarding AQP4  
(Figure  2I–L), a considerably weaker expression was 
observed in the basolateral domain of kidney CD 
cells in the SFA group.

Table 4. Morphological and histological parameters of murine kidneys after three months of feeding standard (STD) and experimental high-fat 
diets (HFDs) 

Parameter

 

Diets
STD SFA  HR  LR

Body weight, g*  35.0a
         50.8b     47.5b  43.8b

Total kidney weight, g  0.644a​  0.898b​      0.711ac​  0.755c​
Relative kidney weight, %  1.86a  1.81ab      1.50b

          1.73ab

Glomerulus diameter, µm mean ± SD      62.9 ± 8.0  63.7 ± 6.9       62.0 ± 7.4       60.8 ± 7.6
median (range)  62.6  

(47.5–88.5)
 63.0  
(47.0–82.7)

         62.2  
 (42.7–81.0) 

     60.2  
   (46.0–82.1)

Collagen type III, % mean ± SD    0.32a ± 0.24    0.90b ± 0.57             0.61b ± 0.55                  0.42a ± 0.32
median (range)    0.22 

  (0.05–0.94)
   0.79 
        (0.33–3.59)

            0.40 
   (0.10–2.12)

          0.36 
                (0.03–1.30)

TUNEL-positive cells, % mean ± SD    8.0 ± 5.3  15.8 ± 4.0     14.1 ± 2.5                     9.4 ± 5.5
median (range)    7.7A  

  (0.4–17.6)
 16.6B  
        (4.0–23.2)

    13.9B  
    (9.3–22.7)

                  10.4AB  

     (1.0–18.2)
SD – standard deviation; SFA – animals fed HFD rich in saturated fatty acids; HR – animals fed HFD rich in polyunsaturated fatty acids (PUFA) 
with a linoleic acid (LA) to α-linolenic acid (ALA) ratio of 14:1; LR – animals fed HFD rich in PUFA with a LA to ALA ratio of 5:1; * previously 
reported by the co-author of the present work – Lepczyński et al. (2021); values marked with lowercase letters differ significantly at P ≤ 0.05; 
values marked with capital letters differ significantly at P ≤ 0.01
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Figure 1. Representative light micrographs of kidney cross-sections stained with haematoxylin and eosin (HE; A–H), Masson’s trichrome (MT; 
I–L) and immunostained with TUNEL (T; M–P) after three-months of administration of control (STD; A, E, I, M), SFA (B, F, J, N), HR (C, G, K, 
O) and LR (D, H, L, P) diets. Normal renal architecture in the STD (A) and LR group (D), interstitial oedema and tubulointerstitial infiltration of 
inflammatory cells (blue arrowheads) in the SFA (B) and HR (C). Groups few vacuoles (yellow arrowheads) in the STD (E) and LR (H) groups, 
intense cytoplasmic vacuolisation of renal tubular epithelial cells in the SFA (F) and HR (G) groups. Normal interstitial distribution of collagen 
fibres (white arrowheads) in the STD (I) and LR (L) groups, increased accumulation of collagen fibres in the SFA (J) and HR (K) groups.  
TUNEL-positive cells (red arrowheads) in the STD (M), SFA (N), HR (O) and LR (P) groups. Scale bar – 50 µm
SFA – animals fed HFD rich in saturated fatty acids; HR – animals fed HFD rich in polyunsaturated fatty acids (PUFA) with a linoleic acid (LA) to 
α-linolenic acid (ALA) ratio of 14:1; LR – animals fed HFD rich in PUFA with a LA to ALA ratio of 5:1 

Figure 2. Representative light micrographs of immunostained aquaporins (AQPs). Kidney cross-sections after intake of control (STD; A, E, I), 
SFA (B, F, J), HR (C, G, K) and LR (D, H, L) diets. Different labelling intensities of AQP2 (A–D), AQP3 (E–H) and AQP4 (I–L) were found in col-
lected duct principal cells, and their detailed expression patterns are presented in Figure 3 and described in the text
CD – collecting duct, PT – proximal tubule, G – glomerulus; Scale bar – 50µm; SFA – animals fed HFD rich in saturated fatty acids; HR – animals 
fed HFD rich in polyunsaturated fatty acids (PUFA) with a linoleic acid (LA) to α-linolenic acid (ALA) ratio of 14:1; LR – animals fed HFD rich in 
PUFA with a LA to ALA ratio of 5:1
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The expression patterns of AQPs correspond to 
the results of AQP immunostainings presented in  
Figure 2. The results of the expression analysis of 
the first panel of genes consisting of reporter genes 
related to kidney damage (Kim1  – kidney injure 
molecule  1), oxidative stress (Sod1  – superoxide 
dismutase 1, Cat – catalase, Prdx6 – peroxiredoxin 6) 
and inflammatory genes (Il6  – interleukin-6, 
Ccl2  – chemokine (C-C motif) ligand  2) in the 
kidneys of mice are presented in Figure 4A, while  
Figure  4B summarises the results of the analysis  

of the second panel of genes involved in energy  
metabolism (Lepr  – leptin receptor) and the  
metabolism of PUFAs and their metabolites  
(Cyp2c29  – cytochrome P450, family  2, subfam-
ily  c, polypeptide  29, Alox5  – arachidonate 5-li-
poxygenase, Cox2  – cyclooxygenase  2, Ephx2  – 
soluble epoxide hydrolase  2). Finally, Figure  4C 
presents the analysis of the third panel of genes 
associated with the regulation of renal func-
tion (Ren1  – renin  1, Ang  – angiotensinogen,  
Aqp3 – aquaporin 3).

Figure 3. Percentage of collecting duct principal epithelial cells with strong, moderate and weak aquaporins (AQPs) 2, 3 and 4 staining signal in 
mice kidney. AQP2 expression pattern was assessed in the apical membrane, basolateral membrane, and subcellular fraction. AQP3 and AQP4 
expression patterns were assessed in the basolateral membrane
STD – labofeed H, standard chow for mice; SFA – animals fed HFD rich in saturated fatty acids; HR – animals fed HFD rich in polyunsaturated 
fatty acids (PUFA) with a linoleic acid (LA) to α-linolenic acid (ALA) ratio of 14:1; LR – animals fed HFD rich in PUFA with a LA to ALA ratio of 5:1
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Discussion 
The qualitative composition of the diet has 

a  significant impact on bodily functions. A  HFD 
has been linked to the development of obesity, 
changes in the weight of internal organs, includ-
ing the kidneys, and the risk of metabolic disorders, 
which may eventually lead to kidney damage and 

their disfunction (Deji et  al., 2009). Feeding mice 
a HFD has been found to cause changes in morpho-
metric parameters, such as excess body weight or 
a decrease in relative kidney mass, regardless of FA 
source in the HFD (Kasiske et al., 1991). High-fat 
diets, in addition to changes in morphometric pa-
rameters, affected the microanatomical structure of 
the kidney. Structural changes included renal glo-
merular fibrosis involving deposition of collagen 
fibres, enlargement of the glomerular capsule space, 
expansion of the glomerular mesangium, lipid de-
position and abnormal vacuolisation in tubular epi-
thelial cells, inflammation induction, mononuclear 
cell infiltration, and consequent damage to the 
renal parenchyma (Deji et  al., 2009). The experi-
ment showed that the administration of HFD with 
a  high proportion of SFA and n-6 FA caused sig-
nificant changes in kidney microarchitecture with 
local tubulo-interstitial lesions, including tubular 
epithelial cell (TEC) vacuolisation, increased TEC 
apoptosis/autophagy rate and higher collagen depo-
sition. However, such changes were not observed in 
animals fed the LR diet. These observations were 
reflected in the expression level of the Kim-1 gene, 
a  known marker of tubular epithelial cell impair-
ments (Zhao et al., 2019). This in turn indicated that 
the qualitative composition of fatty acids, including 
the n-6 to n-3 ratio in high-fat diets had a significant 
effect on the induction of pathophysiological pro-
cesses in the kidneys. Studies of other researchers 
analysing the effect of HFD on the kidneys of ex-
perimental animals also showed tubular interstitial 
changes (We et al., 1999), as well as lipid deposition 
in renal tubular epithelial cells leading to lipotoxic-
ity, increased oxidative stress with induction of pro-
grammed cell death of these cells (Sun et al., 2020). 
Studies have also shown that HFDs with varying 
qualitative compositions exert different effects on 
kidney histology. For example, Kasiske et al. (1991) 
observed that the application of a HFD based on n-3 
PUFAs in the form of fish oil did not adversely af-
fect kidney morphology, unlike a diet rich in SFA 
derived from coconut oil or beef tallow. Metabo-
lites of n-3 PUFAs exerts antioxidative properties 
(Richard et al., 2008) that attenuate cellular stress 
and strongly reduce inflammatory signalling. More-
over, n-3 PUFAs and their metabolites may attenu-
ate the development of renal fibrosis by suppressing 
interstitial fibroblasts activity (Zeng et al., 2017). In 
addition, n-3 PUFA supplementation was shown to 
promote fatty acid β-oxidation efficiency (Rombal-
dova et  al., 2017). These properties of n-3 PUFA 

Figure 4. Differences in relative gene expression in the kidneys of 
mice fed high-fat diets (HFDs) with different qualitative fatty acids 
composition compared to the control group. Panel: A) genes related 
to cytokines, stress response and kidney injury; B) genes related to 
lipid and PUFA metabolism; C) genes related to the renin-angiotensin- 
aldosterone system and water balance. Student’s t-test was performed 
to determine significant differences between experimental and control 
groups; * indicates significantly different (P < 0.05) values
SFA – animals fed HFD rich in saturated fatty acids; HR – animals fed 
HFD rich in polyunsaturated fatty acids (PUFA) with a linoleic acid (LA) 
to α-linolenic acid (ALA) ratio of 14:1; LR – HFD rich in PUFA with a LA 
to ALA ratio of 5:1; Kim1 – kidney injure molecule 1; Ccl2 – chemokine 
(C-C motif) ligand 2; Il-6 – interleukin-6; Sod1 – superoxide dismutase 
1; Cat – catalase; Prdx6 – peroxiredoxin 6; Cyp2c29 – cytochrome 
P450, family 2, subfamily c, polypeptide 29; Ephx2 – soluble epoxide 
hydrolase  2; Cox2  – cyclooxygenase  2; Ephx2  – soluble epoxide 
hydrolase  2; Alox5  – arachidonate  5-lipoxygenase; Lepr  – leptin 
receptor; Ren1 – renin 1; Aqp3 – aquaporin 3
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and their metabolites could be key factors mitigat-
ing the negative effects observed in the SFA and HR 
groups, namely elevated intracellular vacuolisation, 
increased collagen deposition and the subsequently 
enhanced tubular cell apoptosis rate observed in the 
kidney of mice fed the high-fat diet as opposed to 
the animals from the LR group.

Feeding HFDs did not significantly affect the 
expression level of the Il-6 gene in mouse kidneys. 
However, a significant reduction in Ccl2 expression, 
a gene encoding monocyte chemoattractant 
protein  1, was observed in the kidneys of mice 
fed high-fat PUFA diets, while its expression in 
the kidneys of animals fed the SFA diet remained 
unchanged. A similar observation was reported by 
Laurentius et  al. (2019), who showed that the use 
of a  HFD based on lard and maize oil in Long-
Evans rats for 18  months resulted in structural 
changes in the kidneys, including infiltrations 
from immunocompetent cells and monocytes/
macrophages, leading to tubular damage and 
tubulointerstitial fibrosis, with a  parallel lack of 
higher Ccl2 gene expression in the kidneys and 
increased protein levels of this gene. The decrease 
in Ccl2 gene expression in the kidneys of animals 
from the HR and LR group could be due to the anti-
inflammatory properties of PUFA metabolites (Ulu 
et al., 2013; Turolo et al., 2021). 

An excess of fatty acids in the diet is associated 
with the induction of oxidative stress, leading to 
an increase in the activity/expression of the main 
enzymes responsible for the suppression of oxidative 
stress, e.g. SOD1 and CAT (Gujjala et  al., 2016). 
This response is likely the effect of the stimulation of 
mitochondrial biogenesis in the kidneys of animals 
fed a  HFD, as an adaptive mechanism to maintain 
adequate energy synthesis, which is associated with 
a considerable increase in the generation of reactive 
oxygen species (Ruggiero et al., 2011). There are also 
reports indicating that a significant excess of lipids in 
the diet may cause not only an increase in the activity/
expression of antioxidant enzymes, but also their 
subsequent suppression after prolonged treatment 
(Kitada et al., 2020), leading to increased oxidative 
stress resulting in the development of inflammation 
and/or induction of renal tubular cell apoptosis  
(Szeto et al., 2016; Tang et al., 2016). Therefore, it 
seems that the induction of oxidative stress by LA-
rich HFD enhanced the expression of antioxidant 
enzyme genes, while animals in the SFA group ex-
perienced suppression of those genes due to more 
severe impairment in cellular metabolism; this re-
sulted in vacuolar degeneration in tubular cells and 
an intensification of programmed death changes in 

renal tubular cells. In contrast, this phenomenon was 
not observed in the LR group, which could be due to 
a strong antioxidant potential of n-3 PUFAs, unlike 
the radical-generating n-6 PUFAs and SFAs (Richard 
et al., 2008).

In the present experiment, a marked increase in 
the expression of the Cyp2c29 gene was observed 
in the kidneys of mice fed each HFD. The results 
are surprising, as previous studies using HFDs indi-
cated no considerable changes in the expression of 
CYP2C enzymes in the kidneys (Dey et al., 2004; 
Luo et  al., 2019). However, Cyp2c29 protein be-
longs to the cytochrome P450 family and catalyses 
the synthesis of important active derivatives of n-6 
and n-3 acids, EETs (epoxyeicosatrienoic acids) 
and EDPs (epoxydocosapentaenoic acids), respec-
tively (Calder, 2020). Both EETs and EDPs show 
significant anti-inflammatory effects, manifested 
by a reduction in the synthesis of pro-inflammatory 
cytokines and macrophage flux in the kidneys (Ulu 
et al., 2013; Turolo et al., 2021). These compounds 
also influence the activity of the systemic renin-
angiotensin-aldosterone system (RAAS) and local 
renal renin-angiotensin system (RAS) (Ulu et  al., 
2014). Moreover, Ephx2 expression in animals fed 
PUFA-rich HFDs was significantly higher in our 
study compared to animals fed a standard diet. Sol-
uble epoxide hydrolase (sEH) encoded by Ephx2 ca-
talyses the conversion of the aforementioned EETs 
and EDPs to their metabolites with low biological 
activity (Duflot et al., 2021). Previous studies have 
shown that sEH inhibition reduces the degrada-
tion of EETs and EDPs, preserving their biological 
functions, and thus limiting the development of in-
flammation and HFD-induced kidney damage (Luo 
et al., 2019). It should be noted that the conversion 
of most EDPs by sEH to their metabolites is more 
dynamic compared to EETs, but one of n-3 acid 
metabolites, 19.20-EDP, shows a high stability and 
biological activity (Morisseau et  al., 2010). This 
metabolite has been shown to exert antifibrotic ef-
fects in the kidneys (Sharma et al., 2016), and may 
have been responsible for attenuating the negative 
renal effects of HFD in the LR group. 

The current experiment also showed a significant 
reduction in renal Cox2 gene expression in the 
LR group. Previous studies in a  rat model have 
demonstrated that the administration of n-3 acids 
in animals’ diets downregulated COX-2 expression 
after its prior induction by stress associated with 
partial nephrectomy. It is important to highlight 
that the expression of COX-2 is closely linked 
to the activity of the RAAS, specifically with the 
level of renin synthesis (An et  al., 2009), as it 
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has been shown that the knockout of the COX-2 
gene led to a decrease in renin expression (Cheng 
et  al., 2001). Therefore, lower Cox-2 expression 
in the group of animals fed a high-fat diet with the 
highest ALA content probably caused a  decrease 
in Ren1 gene expression in the current study. This 
concept seemed to be supported by the study, in 
which the application of three HFDs with different 
qualitative fatty acid composition had a  different 
effect on renin synthesis in the kidneys; it was 
reduced by 75% as a result of the addition of n-3-
rich linseed oil to the diet, and by 65% when  
n-6-rich sunflower oil was supplemented compared 
to animals fed a  diet with saturated fatty acids 
derived from coconut oil (Codde et al., 1984). 

Administration of high-fat diets rich in PUFAs 
reduced the expression of the angiotensinogen 
gene, another RAAS component. This phenomenon 
may be explained by the possible activation of 
peroxisome proliferator-activated receptor  γ 
(PPARγ) by PUFAs or their metabolites. PUFAs 
have been shown to be important ligands for 
receptors with transcription factor activity for PPARγ  
(Bordoni et al., 2006). On the other hand, an increase 
in PPARγ activity has been found to downregulate 
the expression of angiotensinogen and converting 
enzyme (Roszer and Ricote, 2010). 

This study also analysed the expression profile 
of aquaporins 2, 3 and  4. Aquaporins  2 and  3  are 
involved in an optional, vasopressin-dependent 
mechanism of water reabsorption in renal collecting 
ducts (Mobasheri et al., 2005). In the present study, 
an increase in AQP2 expression was observed in 
the basolateral membrane and cytosolic domain 
of CD cells in the HR group. A similar trend in the 
expression of this protein was recorded in the SFA 
group, however, the observed differences were not 
confirmed statistically due to high deviations from 
the mean value. For AQP3, its expression was found 
to be higher at the gene and protein level in the SFA 
and HR groups. In addition, AQP4 expression was 
significantly reduced in the HR group. There is 
limited data on changes in renal aquaporin expression 
under the influence of high-calorie diets. The 
observations of Quadri et al. (2016) were consistent 
with the results obtained in the current study. These 
authors showed that feeding a high-fat diet increased 
the expression of AQP2 in renal CD cells. We also 
believe that chronically elevated plasma vasopressin 
levels, which accompany obesity (Deligözoğlu 
et  al., 2020), may be another factor contributing 
to the increased AQP2 expression in the kidneys 
of the tested mice, along with the translocation of 

this protein to the basolateral domain. Studies on 
the vasopressin analogue 1-deamino-8-D-arginine- 
vasopressin demonstrated that its chronic 6-day 
application in rats increased the expression and 
translocation of this protein to the basolateral 
membrane of renal collecting tubules (Christensen 
et al., 2003). The high AQP2 expression in the kidneys 
of the HR animals may have also resulted from 
arachidonic acid accumulation in cell membranes. 
Studies have shown that arachidonic acid may affect 
the expression of AQP2, also in a  vasopressin-
independent manner (Ando et al., 2016). 

Ewida and Al-Sharaky (2016) found an increase 
in AQP3 expression in both proximal and distal duct 
kidney cells in rats under the influence of a  high-
calorie diet, which they attributed to oxidative 
stress level and AQP3 permeability to hydrogen 
peroxide. It appears that the same mechanism 
related to the regulation of intracellular H2O2 
concentration may be responsible for the high 
expression of AQP3 in the current study. AQP3 is 
a peroxiporins involved in the detoxification of the 
cells from excess H2O2 (Gašparović et  al., 2021), 
indicating the possibility of ROS detoxification in 
renal tubular cells resulting from lipid metabolism 
disorders. AQP4 expression determined in the 
present work was consistent with findings of  
Halperin Khuns and Pluznick (2018), who observed 
significant down-regulation of the Aqp4 gene in the 
kidney of mice fed a HFD, possibly due to increased 
cellular ROS synthesis, similarly to AQP3 expression.

Conclusions
In summary, the study found that high-fat  

diets with different qualitative fatty acid composi-
tion exerted a varying effect on the histological mi-
crostructure of the kidneys. A  diet based on satu-
rated fatty acids caused the strongest vacuolisation 
of renal proximal tubular epithelium, with the high-
est number of cells with the apoptotic features in 
this segment of the nephron. The severity of these 
changes was alleviated by increasing levels of al-
pha linolenic acid in the high-fat diet. The rate of 
renal epithelial cell vacuolisation and the intensity 
of apoptosis were reflected in the expression of the 
Kim-1 gene, which encodes a damage indicator to 
renal corpuscles and tubules. The observed patho-
physiological changes were probably related to the 
induction of oxidative stress, as indicated by gene 
expression levels of antioxidant enzymes – SOD1 
and CAT. Furthermore, feeding animals HFDs 
rich in SFA or n-6 PUFA likely altered the renal  
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mechanism of facultative urine concentration, as 
indicated by changes in the expression and/or dis-
tribution of AQP2 and AQP3 in mouse kidneys. Fi-
nally, the diet with the highest proportion of ALA 
probably affected the regulation of local renal RAS 
activity.
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