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Abstract
Effects of feeding male rats during spermatogenesis a high-fat, high-sucrose and 
high-salt diet (HFSSD) over two generations (F0 and F1) on renal outcomes are 
unknown. Male F0 and F1 rats were fed either control diet (F0CD+F1CD) or 
HFSSD (F0HD+F1HD). The outcomes were glomerular filtration rate and uri-
nary albumin excretion in F1 and F2 offspring. If both outcomes were altered 
a morphological and molecular assessment was done. F2 offspring of both 
sexes had a decreased GFR. However, increased urinary albumin excretion 
was only observed in female F2 F0HD+F1HD offspring compared with con-
trols. F0HD+F1HD female F2 offspring developed glomerulosclerosis (+31%; 
p < .01) and increased renal interstitial fibrosis (+52%; p < .05). RNA sequencing 
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1   |   INTRODUCTION

The ‘fetal programming’ hypothesis proposes that envi-
ronmental factors before birth can alter the offspring phe-
notype through a range of mechanisms.1,2 These factors 
are most well defined in mothers for example, maternal 
undernutrition during pregnancy, maternal high protein 
diet during pregnancy, and glucocorticoid exposure of the 
fetus. While alterations in epigenome and phenotype of 
offspring by maternal factors are widely reported, there 
are also reports in the past years suggesting that fetal pro-
gramming can also be paternally initiated.3–6 For example, 
paternal smoking, age, and occupational chemical expo-
sure are associated with an increased risk of cancer and 
mental health disorders in the offspring.

Fetal programming of kidney diseases was likewise 
established. Independent research teams worldwide 
showed that maternal undernutrition, caloric restriction, 
protein restriction or maternal dietary fat excess all have 
a negative impact on nephrogenesis and kidney structure, 
contributing to offspring kidney disease in later life.7–9 
Moreover, there is also evidence from human studies that 
comparable maternal factors increase the risk of kidney 
disease in the offspring.10 While there were several stud-
ies investigating the impact of maternal factors on the 
offspring renal phenotype, the literature on the later-life 
effects of paternal factors for example, pre-conceptional 
unhealthy diet on the renal phenotype of the offspring is 

limited. Chowdhury et al. reported that paternal obesity 
can lead to increased triglyceride content in offspring kid-
neys with signs of tubular damage, such as cell sloughing, 
absence of brush border which may be indicative of early 
signs of kidney damage.11

Previously, we fed a diet resembling an unhealthy diet 
(high-fat, high-sucrose and high-salt diet [HFSSD], often 
consumed by young men) to male rats prior to mating 
and analyzed the effect on healthy outcome in offspring. 
It was shown that paternal pre-conception unhealthy diet 
had detrimental effects on F1 female offspring's glucose 
metabolism, which can be reversed by folate treatment of 
pregnant dams.12 Furthermore, we found that a paternal 
pre-conceptional unhealthy diet predisposed the F2 off-
spring to mild liver functional alterations and alterations 
of gut microbiota in later life.13

In the current study, we analyzed the effect of feeding 
male rats a high-fat, high-sucrose and high-salt diet (HFSSD) 
over two generations (F0 and F1) on their offspring's (F2) 
kidney function. We defined abnormal kidney function by 
two parameters: decreased glomerular filtration rate (GFR) 
combined with increased urinary-albumin-to-creatinine 
ratio (UACR). In case of developing significantly declined 
GFR and significantly elevated UACR after exposure of the 
fathers and/or grandfathers to an unhealthy diet, we ana-
lyzed the renal morphology as well as the underlying molec-
ular mechanisms causing paternal programmed of chronic 
kidney disease in the offspring.
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followed by qRT-PCR validation showed that four genes (Enpp6, Tmem144, 
Cd300lf, and Actr3b) were differentially regulated in the kidneys of female F2 
offspring. lncRNA XR-146683.1 expression decreased in female F0HD+F1HD 
F2 offspring and its expression was (r = 0.44, p = .027) correlated with the ex-
pression of Tmem144. Methylation of CpG islands in the promoter region of the 
Cd300lf gene was increased (p = .001) in female F2 F0HD+F1HD offspring com-
pared to controls. Promoter CpG island methylation rate of Cd300lf was inversely 
correlated with Cd300lf mRNA expression in F2 female offspring (r = −0.483, 
p = .012). Cd300lf mRNA expression was inversely correlated with the urinary 
albumin-to-creatinine ratio in female F2 offspring (r = −0.588, p = .005). Paternal 
pre-conceptional unhealthy diet given for two generations predispose female F2 
offspring to chronic kidney disease due to epigenetic alterations of renal gene 
expression. Particularly, Cd300lf gene promotor methylation was inversely asso-
ciated with Cd300lf mRNA expression and Cd300lf mRNA expression itself was 
inversely associated with urinary albumin excretion in F2 female offspring whose 
fathers and grandfathers got a pre-conceptional unhealthy diet.
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2  |  MATERIAL AND METHODS

2.1  |  Animals

The study was conducted in Sprague-Dawley rats, in-
cluding F0 generation (30 male rats, 45 female rats), F1 
and F2 generation animals. The F0 generation rats were 
purchased from Hunan SJA Laboratory Animal Co., 
Ltd (Changsha, China) and were delivered at the age of 
4 weeks. All the animals were allowed free access to water 
and food. The experimental protocols were approved by 
the Experimental Animal Center of the Hunan Normal 
University (Changsha, Hunan, China).

2.2  |  Study design

F0 male rats were randomly divided into two study groups: 
(1) control diet (CD, n  =  15); (2) high-fat, high-sucrose 
and high-salt diet (HFSSD, n  =  15). A detailed descrip-
tion of the diet compositions is indicated in our previous 
study13 (Table S1).

15-week-old F0 founder male rats were fed either a 
CD or HFSSD for 9  weeks. Then they were mated with 
F0 normal-weight, naturally cycling CD-fed dams to pro-
duce F1 offspring. The presence of a vaginal plug was 
designated as gestational day 1. The rats were mated for 
4 days. After mating and throughout the gestational pe-
riod, all the F1 dams were fed CD. The number of F1 off-
spring per litter was 13.89 ± 0.3 (SE) and was not differ 
significantly between the groups. We sampled randomly 
173 F1 offspring (86 males and 87 females) out of 540 total 
offspring. Thus, the sample size was around one-third of 
the entire offspring. The F1 male offspring was allocated 
into two study groups based on F0 paternal diet before 
mating: (1) paternal control diet group (PatCD group): 
male F1 offspring of CD-fed F0 founders received CD 
from birth until the 24th week of age and were mated 
with CD-fed dams and their F2 offspring represented the 
F0CD+F1CD group; (2) paternal high-fat, high-sucrose 
and high-salt diet group (PatHFSSD group): male F1 off-
spring of HFSSD-fed F0 founders received CD from birth 
until the 15th week of age followed by HFSSD until the 
24th week of age and were mated with CD-fed dams and 
their offspring represented F0HD+F1HD group. The av-
erage litter size of F2 offspring was 13 and was not differ 
significantly between the groups. We sampled randomly 
65 F2 offspring (33 males and 32 females) out of 150 total 
offspring. In summary, based on F0 paternal diet and F1 
paternal diet before mating, the female F2 offspring can be 
divided into two study groups (Figure 1): (a) F0CD+F1CD 
group: female F2 offspring of F0 and F1 male founders 

fed a CD; (b) F0HD+F1HD group: female F2 offspring of 
F0 and F1 male founders fed a HFSSD. All F2 offspring 
(F0CD+F1CD and F0HD+F1HD) were fed CD from birth 
until the 24th week of age. Before sacrifice, F2 offspring 
were fasted for 8 h, then rats were placed in a metabolic 
cage and 24 h-urine was collected. At the 24th week, they 
were sacrificed under deep anesthesia induced by intra-
peritoneal injection of 3% (wt/vol.) sodium pentobarbital 
solution. Afterwards, blood samples were collected and 
organs were harvested.

Blood pressure measurements, metabolic analysis, 
analysis of kidney morphology, lncRNA-mRNA expres-
sion profiling, real-time quantitative PCR, correlation 
analysis of lncRNAs and mRNAs and functional predic-
tion, gene-specific DNA methylation were described in 
detail in the electronic supplementary materials (ESM).

2.3  |  Statistical analysis

Normality of data distribution was checked using Shaprio–
Wilk test. Student's t-test (unpaired, two-tailed) and the 
Mann–Whitney test were used to compare parametric 
and non-parametric data, respectively, between groups. 
Pearson's correlation analysis was used to assess correla-
tions between mRNAs and lncRNAs. Unless otherwise in-
dicated, results are expressed as the mean ± SE. A p value 
of <.05 was considered statistically significant. The data 
were analyzed using SPSS version 20.0 (SPSS, Chicago, IL, 
USA) and GraphPad Prism version 5 (GraphPad Software, 
San Diego, CA, USA). Heat maps were created using R 
version 3.5.3 (https://www.r-proje​ct.org/) and Cytoscape 
version 3.7.1 (https://cytos​cape.org/) was used to con-
struct the relational network.

3   |   RESULTS

The primary outcome of the study in the F1 and F2 gen-
erations was a composite endpoint consisting of decreased 
GFR combined with increased urinary albumin to creatine 
ratio. Only if this endpoint was met, a detailed biochemi-
cal and morphological analysis was done.

3.1  |  F0 founders

Detailed data on body weight gain, blood pressure and 
serum metabolite levels in the F0 male founders were pre-
sented in Table S2. The number of pups was similar in all 
groups; no effect of HFSSD on the number of pups, male/
female ratio and birth body weight were detectable.

https://www.r-project.org/
https://cytoscape.org/
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3.2  |  Kidney function in F1 offspring

The urinary albumin-to-creatinine ratio was numerically 
higher in F1 offspring of the PatHFSSD group of both 
sexes. However, the differences did not reach statistical 

difference. The GFR corrected by body weight was numeri-
cally lower in F1 offspring of the PatHFSSD group of both 
sexes. However, the differences again did not reach statisti-
cal difference (Table 1). Therefore, we further observed the 
effect of HFSSD on kidney function in F2 offspring.

F I G U R E  1   Study design for the F0, F1 and F2 generations. F0 founder male rats fed either a control diet (CD) or high-fat, high-sucrose 
and high-salt diet (HFSSD) for 9 weeks were mated with CD-fed dams to produce F1 offspring. The F1 male offspring was allocated into 
two study groups based on F0 paternal diet before mating: (1) Paternal control diet group (PatCD group): male F1 offspring of CD-fed F0 
founders received CD from birth until the 24th week of age; (2) Paternal high-fat, high-sucrose and high-salt diet group (PatHFSSD group): 
male F1 offspring of HFSSD-fed F0 founders received CD from birth until the 15th week of age followed by HFSSD until the 24th week 
of age. Male PatCD group rats and male PatHFSSD group rats in 24th week of age were mated with female PatCD group rats to produce 
F2 offspring. Based on F0 paternal diet and F1 paternal diet before mating, the F2 offspring can be divided into two study groups: (1) 
F0CD+F1CD group: F2 offspring of F0 and F1 male founders fed a CD; (2) F0HD+F1HD group: F2 offspring of F0 and F1 male founders fed 
a HFSSD. All F2 offspring (F0CD+F1CD and F0HD+F1HD) were fed a normal diet (CD) for 24 weeks

T A B L E  1   Effect of paternal HFSSD on kidney weights and kidney biomarkers in F1 offspring

Parameters

Female Male

PatCD 
(n = 7)

PatHFSSD 
(n = 11)

PatCD 
(n = 14)

PatHFSSD 
(n = 17)

Body weight (100 days) 252.69 ± 4.47 266.96 ± 6.47 416.47 ± 8.50 425.20 ± 9.89

Relative left kidney weight (% to body 
weight)

0.32 ± 0.01 0.31 ± 0.01 0.32 ± 0.01 0.33 ± 0.01

Relative right kidney weight (% to body 
weight)

0.33 ± 0.01 0.32 ± 0.01 0.33 ± 0.01 0.33 ± 0.01

BUN (mmol L−1) 6.79 ± 0.33 6 ± 0.33 6.42 ± 1.03 5.27 ± 0.24

Plasma Cr (mmol L−1) 27.2 ± 1.03 24.05 ± 2.14 24.13 ± 3.72 24.3 ± 1.34

Plasma cystatin C (μg ml−1) 1.46 ± 0.11 1.53 ± 0.13 1.54 ± 0.18 1.75 ± 0.12

Urine volume (ml 24 h−1) 28.19 ± 3.69 6.23 ± 0.53** 45.46 ± 8.13 34.29 ± 6.26

Urinary microalbumin (μg 24 h−1) 82.56 ± 34.78 73.05 ± 14.01 65.99 ± 11.42 112.18 ± 33.61

Urine Cr (μmol 24 h−1) 65.49 ± 6.82 53.11 ± 4.51 95.66 ± 8.35 100.70 ± 9.47

Urinary albumin-to-creatinine ratio (μg 
μmol−1)

1.25 ± 0.43 1.37 ± 0.24 0.74 ± 0.14 1.13 ± 0.27

GFR/body weight (ml 24 h−1 g−1) 10.15 ± 1.07 7.77 ± 0.91 10.87 ± 1.52 9.29 ± 1.16

Note: Values are given as mean ± SE.
Abbreviations: BUN, blood urea nitrogen; Cr, creatinine; GFR, glomerular filtration rate.
**p < .01 vs. PatCD.
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3.3  |  Body weight and kidney function in 
F2 offspring

Compared with the F0CD+F1CD group, the body weight 
of the female F0HD+F1HD group increased significantly 
at the 9th, 15th, 18th, 22nd and 24th week (Figure S1A). 
However, no significant differences in body weight were 
observed between the F0CD+F1CD and F0HD+F1HD 
in F2 male offspring (Figure S1B). The urinary albumin 
to creatine ratio in female F2 offspring of F0HD+F1HD 
group was significantly increased compared with the 
F0CD+F1CD group (p  <  .01, Figure  2A). Furthermore, 
the ratio of GFR/body weight ratio at study end was sig-
nificantly lower in female F0HD+F1HD group than that 
in F0CD+F1CD group (p  <  .05, Figure  2B). However, 
no significant differences related to renal function were 
observed between the F0CD+F1CD and F0HD+F1HD 
in male F2 offspring (Table 2). Since only female F2 off-
spring met the composite study endpoint, a detailed mor-
phological and molecular assessment was next done in 
just female F2 offspring.

3.4  |  Kidney morphology

The number and size of glomeruli was similar among the 
study groups of female F2 offspring (Figure 2C,D). In fe-
male F2 offspring born to grandfather and father exposed 
to the HFSSD diet prior to mating glomerulosclerosis 
score was increased by 31% and renal interstitial fibrosis 
area was increased by 52% (p < .01, p < .05 vs. control fe-
male counterparts, respectively, see Figure 2E–H).

3.5  |  Expression of mRNA and lncRNA 
in the kidney

Microarray profiling in a subset of animals (see Section 
2) was done to identify candidate genes being potentially 
differentially regulated. The results of microarray profil-
ing showed that 285 mRNAs were differentially regulated. 
(156 up-regulated mRNA and 129 down-regulated mRNA) 
when comparing the F0CD+F1CD and the F0HD+F1HD 
group in female F2 offspring (p  <  .05 and |fold change| 
≧ 1.5 was set as the threshold for significant differential 
expression) (Figures 3A and S2A).

Using the same criteria, we identified 129 lncRNAs 
(94 up-regulated lncRNA and 35 down-regulated gradu-
ated lncRNA) (Figure  S2B). Protein-protein interaction 
analysis of these DEGs highlighted the key module of 
RT1 family (a family of MHC class Ib genes) in the re-
lational network (Figure  S2C). Functional enrichment 
and KEGG analyses revealed that antigen processing 

and presentation, immune response, and antiviral func-
tion in F0HD+F1HD group differed from that in the 
F0CD+F1CD group (Figure S3A,B), suggesting that renal 
dysfunction in F2 female offspring might be related to al-
tered immunological properties of the kidneys.

From the 285 DEGs, we chose the most promising 18 
candidate mRNAs based on a statistical criterion (p < .01, 
|fold change| ≧ 2) in the arrays for confirmation in the en-
tire study population by qRT-PCR (Table S4). Expression 
of Enpp6, Tmem144 and Cd300lf was decreased whereas 
Actr3b gene expression was increased in female offspring 
born to grandfather and father exposed to the HFSSD 
(Figure 3B).

3.6  |  Correlation analysis of 
lncRNA and mRNA

To analyze the relationship between lncRNA and the 
4 confirmed differentially expressed mRNAs (Enpp6, 
Actr3b, Tmem144 and Cd300lf), we performed Pearson 
correlation analysis using the microarray data. Based 
on Pearson correlation coefficient >0.4 or <−0.4 and p 
value <.05, we found that 20 lncRNAs had significant 
correlations with Enpp6, Tmem144, Cd300lf and Actr3b. 
(Figure  4A). Subsequently, we conducted qRT-PCR to 
verify these correlations in the entire study. We found 
that lncRNA XR_146683.1 and uc.239+ were significantly 
down-regulated in female offspring born to grandfather 
and father exposed to the HFSSD (Figure 4B, Table S5). 
Further correlation analysis showed that expression of 
lncRNA XR_146683.1 had a significant positive correla-
tion with that of Tmem144 (r = 0.44, p = .027) (Figure 4C).

3.7  |  DNA methylation of specific target 
genes in the kidney

The methylation rate of CpG islands in the promoter re-
gion of Enpp6, Tmem144, Actr3b and Cd300lf genes was 
analyzed. Violin plot of differential methylation frag-
ments showed that the methylation rate of CpG islands 
in the promoter region of Cd300lf was significantly higher 
(Figure 5A, p = .001) in the female F0HD+F1HD group as 
compared to the F0CD+F1CD group. Cd300lf gene pro-
motor methylation was inversely correlated with Cd300lf 
mRNA expression (r  =  −0.483, p  =  .012) (Figure  5B). 
Cd300lf mRNA expression itself was inversely correlated 
with the urinary albumin-to-creatinine ratio in female 
F2 offspring (see Table  S7 and Figure  5C, r  =  −0.588, 
p = .005).

We next analyzed the Cd300lf gene promotor meth-
ylation in more detail. We analyzed the CpG site specific 
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F I G U R E  2   Effect of paternal HFSSD on urine indicators related to renal function and morphology of F2 female offspring. ratio of 
urine microalbumin and Cr (A); ratio of GFR and body weight of the 25th week (B); size of glomerulus (C); total number of glomerulus 
(D); representative photomicrographs of PAS-stained renal sections (magnification:×200) (E); glomerulosclerosis score (F); representative 
photomicrographs of picrosirius red stained renal sections (magnification:×200) (G); renal interstitial fibrosis area (H). F0CD+F1CD, 
F2 offspring of F0 and F1 male founders fed a CD; F0HD+F1HD, F2 offspring of F0 and F1 male founders fed a HFSSD. *p < .05 vs. 
F0CD+F1CD, **p < .01 vs. F0CD+F1CD
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methylation in the Cd300lf gene promotor region and 
could demonstrate that all CpG sites were differently 
methylated (different methylation rate) in all 7 promoter 
CpG sites (Figure 5D, Table S6). Pearson correlation anal-
ysis indicated that 5 CpG sites of Cd300lf showed negative 
correlation with the expression of Cd300lf (Figure 6).

We likewise analyzed whether the methylation rate of 
a given CpG site is correlated with other CpG sites methyl-
ation within the promoter region, Pearson correlation ma-
trices were calculated and plotted as heat maps for each 
group. The resulting group-specific correlation patterns 
were clearly different. Regarding the correlation matrices 
of the methylation rate of CpG islands within the Actr3b 
and Cd300lf promoter, positive correlations, indicated 
by red, were more predominant in the offspring born to 
grandfathers and fathers on an unhealthy diet when com-
pared with the offspring born to grandfathers and fathers 
on a normal diet (Figure 7A,B).

4   |   DISCUSSION

The present study was designed to investigate the hypoth-
eses that an unhealthy diet during spermatogenesis might 
have adverse effects on kidney function and morphology 
in the offspring. Several studies have already investigated 

and established the concept of maternal programming 
of cardio-metabolic and renal diseases,1,2 while the evi-
dence for paternal programming of kidney diseases is still 
limited.11,14

We fed male rats an unhealthy diet during spermato-
genesis over two generations (F0 and F1) and studied the 
effects on kidney function in the offspring (F1 and F2). 
Impairment of both GFR and urinary albumin excre-
tion was predefined as the endpoint of the initial phe-
notypic screening. If this composite endpoint was met, 
we performed a detailed morphological and biochemical 
analysis of the kidneys. F1 offspring demonstrated non-
significant reduction of GFR and non-significant increase 
of urinary albumin excretion, while F2 offspring showed a 
significantly decreased GFR and a significantly increased 
urinary albumin excretion in females only. Thus, we in-
vestigated the female F2 offspring in more detail.

Studies on renal outcomes caused by paternal factors 
are limited and preliminary so far. In a rat model, pater-
nal high fat diet resulted in increased triglyceride content 
in the kidneys of the offspring and tubular damage such 
as loss of brush border and cell sloughing, while there 
were no signs of glomerular damage.11 Another study14 
showed that paternal exposure to synthetic glucocorti-
coids alter the expression and DNA methylation of the 
mineralocorticoid receptor-, estrogen alpha receptor-, and 

T A B L E  2   Effect of paternal HFSSD on blood pressure, kidney weights and kidney biomarkers in F2 offspring

Parameters

Female Male

F0CD+F1CD 
(n = 11)

F0HD+F1HD 
(n = 15)

F0CD+F1CD 
(n = 18)

F0HD+F1HD 
(n = 19)

Body weight at the 24th week 308.1 ± 5.55 322.64 ± 3.71* 585.78 ± 7.98 604.77 ± 8.50

Heart rate (bpm) 442.2 ± 6.96 411.55 ± 9.5* 414.68 ± 8.34 406.95 ± 11.25

Systolic blood pressure (mm Hg) 135.58 ± 3.33 133.82 ± 2.28 137.61 ± 2.43 135.19 ± 2.96

Relative left kidney weight (% to body 
weight)

0.29 ± 0.01 0.29 ± 0.01 0.28 ± 0.01 0.27 ± 0.01

Relative right kidney weight (% to body 
weight)

0.29 ± 0.01 0.29 ± 0.01 0.28 ± 0.01 0.26 ± 0.01

BUN (mmol L−1) 8.43 ± 0.24 7.89 ± 0.21 7.22 ± 0.18 7.35 ± 0.17

Plasma Cr (mmol L−1) 27.82 ± 1.05 29.4 ± 0.88 26.44 ± 0.81 27.68 ± 0.87

Plasma cystatin C (μg ml−1) 1.14 ± 0.05 1.17 ± 0.05 1.32 ± 0.03 1.43 ± 0.08

Urine volume (ml 24 h−1) 44.48 ± 8.79 14.33 ± 3.38** 45.16 ± 6.09 26.07 ± 4.38*

Urinary microalbumin (μg 24 h−1) 43.9 ± 27.11 90.9 ± 43.73* 109.26 ± 85.82 85.01 ± 60.74

Urine Cr (μmol 24 h−1) 72.47 ± 4.37 62.59 ± 5.77 131.24 ± 4.39 105.19 ± 9.87*

Urinary albumin-to-creatinine ratio (μg 
μmol−1)

0.55 ± 0.14 1.69 ± 0.31** 0.80 ± 0.14 1.08 ± 0.21

GFR/body weight (ml 24 h−1 g−1) 8.86 ± 0.47 6.66 ± 0.67* 8.42 ± 0.40 6.41 ± 0.64*

Note: Values are given as mean ± SE.
Abbreviations: BUN, blood urea nitrogen; Cr, creatinine; F0CD+F1CD: F2 offspring of F0 and F1 male founders fed a CD; F0HD+F1HD, F2 offspring of F0 
and F1 male founders fed a HFSSD; GFR, glomerular filtration rate.
*p < .05 vs. F0CD+F1CD; **p < .01 vs. F0CD+F1CD.
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glucocorticoid receptor gene in the hippocampus and kid-
ney of offspring.

The molecular mechanisms of paternal programming 
of renal outcomes in the offspring are not well studied. 
However, several studies investigated paternal program-
ming of other organs such as liver,15–17 cardiovascular 
function,18 pancreas,19 adipose tissue,20 and reproductive 
system.21 There is now convincing evidence that the under-
lying molecular mechanisms are mediated via epigenetic 

alterations of the sperm such as sperm DNA methylation, 
histone modifications, noncoding RNAs in the tip of the 
sperm.22–25 These epigenetic marks of the sperm cause 
after fertilization specific epigenetic alterations in target 
organs such as the endocrine pancreas and finally phe-
notypic alterations in the offspring. In other words, early 
epigenetic marks in the sperm induced by environmental 
factors as listed above cause specific epigenetic alterations 
in offspring target organs leading to a specific phenotype 

F I G U R E  3   Analysis and verification of differentially expressed mRNAs. Volcano plot of differentially expressed mRNAs (A) based on 
|Fold change| ≥ 1.5 and p < .05 between the female offspring of F0CD+F1CD group and the F0HD+F1HD group. Blue dots indicate mRNA 
with no significant difference. Green dots indicate significantly down-regulated mRNAs, and red dots indicate significantly up-regulated 
mRNAs. The expression of Enpp6, Cd300lf, Teme144 and Actr3b mRNA in kidney tissues of female F2 offspring was verified by qRT-PCR as 
only these four mRNAs showed significant differential regulation between the two groups (B). F0CD+F1CD, F2 offspring of F0 and F1 male 
founders fed a CD; F0HD+F1HD, F2 offspring of F0 and F1 male founders fed a HFSSD. *p < .05 vs. F0CD+F1CD
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in the offspring later in life. This was best shown so far for 
metabolic conditions such as glucose metabolism/insulin 
resistance.

We did microarray profiling of mRNAs and lncRNAs 
in order to characterize the target organ specific epigen-
etic alterations in the offspring kidneys in those offspring 
who developed a renal phenotype (decreased GFR and 
increased urinary albumin excretion) in order to better 
understand the molecular mechanisms associated with 
the phenotype in the female F2 offspring of the fathers 
and grandfathers on an unhealthy diet during spermato-
genesis. We identified 285 mRNAs and 129 lncRNAs 

differentially regulated by RNA sequencing. The statisti-
cally best candidates in terms of P-value and fold change 
were validated using qRT-PCR and hence four candi-
date genes (ENPP6: Ectonucleotide Pyrophosphatase/
Phosphodiesterase 6 gene, TMEM144: Transmembrane 
Protein 144 gene, ACTR3B: Actin Related Protein 3B gene, 
and CD300LF: CD300 Molecule Like Family Member F 
gene) were finally proven to be differentially regulated. 
Moreover, the renal expression of lncRNA XR-146683.1 
was significantly down-regulated in female F2 offspring 
of the F0HD+F1HD group compared with control female 
counterparts and its expression was correlated with the 

F I G U R E  4   Correlation analysis of lncRNAs and mRNAs and verification of differentially expressed lncRNAs. (A) Correlation analysis 
of lncRNAs detected by the microarray approach and qPCR confirmed mRNAs. The circles represent lncRNAs and the diamonds represent 
mRNA. The red lines indicate positive correlation, and the green lines indicate negative correlation. The thicker the line, the higher the 
correlation coefficient. Pearson correlation coefficient >0.4 or <−0.4 and p value <.05 were set as screening criteria. (B) Renal lncRNA 
XR_146683.1 expression in female F2 offspring. (C) Correlation analysis of renal lncRNAs XR_146683.1 expression and renal Tmem144 
mRNA expression. F0CD+F1CD, F2 offspring of F0 and F1 male founders fed a CD; F0HD+F1HD, F2 offspring of F0 and F1 male founders 
fed a HFSSD. *p < .05 vs. F0CD+F1CD
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expression of Tmem144. The methylation rate of CpG 
islands in the promoter region was significantly affected 
in the Cd300lf gene, but not in other differently regulated 
genes in the F2 female offspring of the F0HD+F1HD 
group compared to control female counterparts. The 
methylation rate of CpG islands in the promoter region of 

Cd300lf was inversely correlated with Cd300lf mRNA ex-
pression in F2 female offspring. Moreover, Cd300lf mRNA 
expression was correlated to urinary albumin excretion 
suggesting that an unhealths died during spermatogenesis 
in the F0 and F1 generation affects methylation of the of 
CpG islands in the promoter region of Cd300lf in female 

F I G U R E  5   Relationship between Cd300lf DNA methylation—Cd300lf gene expression and urinary albumin excretion. (A) Comparison 
of overall DNA methylation in differently expressed genes between the F0CD+F1CD group and the F0HD+F1HD group in F2 female 
offspring. Fraction = methylated reads/Tatol reads detected in this fragment. (B) Correlation between methylation fragment of Cd300lf and 
the expression of Cd300lf. Differential CpG sites of Cd300lf between F0CD+F1CD group and F0HD+F1HD group in F2 female offspring 
kidney (C). (C) Correlation of Cd300lf gene expression and urinary albumin-to-creatinine ratio. (D) Comparison of methylation in kidneys 
of specific Cd300lf gene CpG sites between the F0CD+F1CD group and the F0HD+F1HD group of F2 female offspring. F0CD+F1CD, 
F2 offspring of F0 and F1 male founders fed a CD; F0HD+F1HD, F2 offspring of F0 and F1 male founders fed a HFSSD. *p < .05 vs. 
F0CD+F1CD, **p < .01 vs. F0CD+F1CD
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offspring leading to alterations of Cd300lf gene expres-
sion and hence urinary albumin excretion. In addition, 
the methylation rate of two CpG sites (Cd300lf_1_132 
and Cd300lf_1_147) in the promoter region of Cd300lf 
were positively correlated with the degree of glomerulo-
sclerosis in F2 female offspring. Beside the degree of gene 

promoter methylation also the pattern of methylated CpG 
sites in a promoter of a gene might modulate its activity,26 
thus we analyzed treatment group-specific inter-CpG site 
correlation of DNA methylation and plotted the resulting 
correlation coefficients as heatmaps. Interestingly, differ-
ent patterns were observed when comparing treatment 

F I G U R E  6   Correlation analysis between the degree of specific CpG site methylation and the expression of the corresponding Cd300lf 
mRNAs in F2 female offspring. A p value < .05 was considered statistically significant

F I G U R E  7   Heat maps of group-specific inter-CpG site correlation coefficients of DNA methylation of Actr3b (A), Cd300lf (B) Enpp6 (C) 
and Tmem144 (D) in female F2 offspring
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groups. Different correlation patterns between the degree 
of DNA methylation of one CpG site to another could re-
sult in a different net effect on gene expression by altering 
the attachment of transcription factors to gene promotors.

Cd300lf is expressed in monocytes and peripheral 
blood mononuclear cells.27 Cd300lf acts as an inhibitory 
receptor for myeloid cells and mast cells.28 It positively 
regulates the phagocytosis of apoptotic cells (efferocyto-
sis) via phosphatidylserine (PS) recognition. It also plays 
an important role in the maintenance of immune ho-
meostasis.29 Phenotypes associated with Cd300lf include 
nervous system, homeostasis/metabolism and immune 
system phenotype,30,31 but so far, few studies reported that 
this gene was involved in kidney diseases. Our findings 
are in agreement with studies suggesting that epigenetic 
modifications leading to glomerular and interstitial fi-
brosis through transcriptional regulation.32,33 However, 
the specific molecular mechanism involved causing epi-
genetic changes of Cd300lf and subsequently alter kidney 
function and morphology in F2 female offspring need to 
be further analyzed.

The results of functional enrichment analysis of 
mRNAs and lncRNAs of our study showed that both 
differentially expressed mRNAs and lncRNAs were 
mainly enriched in antigen processing and presentation 
pathways. Similarly, a study by Jackson et al. found that 
maternal HFD can cause glomerulosclerosis and tubu-
lointerstitial fibrosis in male offspring kidney by activat-
ing pro-inflammatory pathways.34 A study conducted in 
a sheep model showed that maternal nutrient restriction 
during early fetal kidney development attenuates the ef-
fects of early onset obesity-related nephropathy, in part, 
through the downregulation of the innate inflammatory 
response.35

Our data suggest that paternal HFSSD over two gen-
erations resulted in functional alterations in the kidneys 
of female F2 offspring associated with increased glomer-
ulosclerosis and tubulointerstitial fibrosis. The functional 
alterations observed in the F1 generation went into the 
same direction but did not reach statistical significance. 
For paternal programming induced by an unhealthy diet 
during spermatogenesis obviously two hits (high-fat, 
high-sucrose and high-salt  diet during spermatogenesis 
in two subsequent paternal generations) are necessary. 
The effects were sex-dependent. Female F2 offspring are 
affected most. RNA sequencing followed by confirmatory 
qRT-PCR showed four differently regulated genes (Enpp6, 
Tmem144, Cd300lf, and Actr3b) in the kidneys of female 
F2 offspring. Methylation rate and pattern of CpG islands 
in the promoter region of Cd300lf was significantly invers 
correlated with Cd300lf mRNA expression in F2 female 
offspring (r  =  −0.483, p  =  .0123). Methylation pattern 
of the Cd300lf promotor was also altered, both effects 

might cause the observed effects on Cd300lf mRNA. 
Cd300lf mRNA expression itself was inversely correlated 
with the urinary albumin-to-creatinine ratio in female 
F2 offspring. Furthermore, the expression of lncRNA 
XR-146683.1 was significantly down-regulated in the F2 
female offspring of fathers and grandfathers exposed to 
an unhealthy diet during spermatogenesis. Although we 
identified an epigenetic pathway linking Cd300lf methyl-
ation with urinary albumin excretion, it is more likely that 
complex alterations of gene expression are responsible 
for the observed renal phenotype in female F2 offspring 
of fathers and grandfathers on high-fat, high-sucrose and 
high-salt diet during spermatogenesis. In good agreement 
with this hypothesis, we saw that multiple renal genes 
(ENPP6, TMEM144, ACTR3B, and CD300LF) and also 
the non-coding RNA lncRNA XR-146683 are associated 
with the development of the renal phenotype of female F2 
offspring (decreased GFR, increased urinary albumin ex-
cretion, glomerulosclerosis and renal interstitial fibrosis). 
Alteration of just a single pathway or even single genes as 
a result of fetal programming events during spermatogen-
esis and fetal development are rather uncommon, the en-
vironmental stimuli - high-fat, high-sucrose and high-salt 
diet during spermatogenesis in two subsequent paternal 
generations in our case—rather induce complex epigen-
etic marks4,8,36–39 inducing the observed renal phenotype. 
How the interaction of these different epigenetic induced 
alterations in various gene expression patterns in the kid-
ney finally causes the observed renal phenotype in female 
F2 offspring is yet unknown. Epigenetic alterations of pa-
ternal programming consist of two distinct epigenetic phe-
nomena: the initial environmental factors—in our case 
the unhealthy pre-conceptional paternal diet—induced 
epigenetic alterations of the sperm (most important seem 
to be non-coding RNAs). This was first discovered in male 
rats exposed to a high fat diet. These initial alterations 
in the sperm causes later in life alterations in target or-
gans such as the endocrine pancreas and fat tissues. DNA 
methylation of gene promotors of affected genes seems 
to be the main epigenetic alteration in this later stage of 
epigenetic changes.19,40,41 We focused in our study on the 
late epigenetic effects in the kidney, see above. It is clearly 
a study limitation that we did not analyses epigenetic al-
terations in the sperm of the F0 and F1 generation and 
that we did not analyses epigenetic alterations in the less 
affected kidneys of the F1 generation.

Sex-dependency of fetal programming37 and also pater-
nal programming19,40,41 is well known. A high paternal fat 
diet prior mating causes an impairment of glucose metab-
olism in particular in female offspring.19 Potential under-
lying molecular pathways were reviewed recently.37

Taken together, our data suggest that a paternal 
pre-conceptional unhealthy diet might predispose in 
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particular female F2 offspring to chronic kidney disease. 
The mechanisms underlying this renal phenotype could 
involve differential regulation of the expression of mRNAs 
(Enpp6, Tmem144, Cd300lf, and Actr3b) and the lncRNA 
XR-146683.1 as well as alterations in the methylation pat-
tern of CpG islands in the promoter region of the Cd300lf 
gene. This gene was reported to be involved in biological 
processes such as immune homeostasis and phagocytosis 
of apoptotic cells.

ACKNOWLEDGMENTS
This project was supported by the National Natural 
Science Foundation of China (Grant No. 81873861), 
Hunan Province Natural Science Foundation (Grant 
No. 2018JJ3366), Huxiang Young Talents project 
(Grant No. 2021RC3094), Hunan Province Science and 
Technology Plan (Grant No. 2014SK3003), Deutsche 
Akademische Ausstasch Dienst (DAAD), Deutsche 
Forschungsgemeinschaft, and China Scholarship Council 
(CSC) grant to the first author Xiaoli Zhang, and the 
BMBF of the Federal Republic of Germany.

DISCLOSURES
All authors declared no competing interests.

AUTHOR CONTRIBUTIONS
Berthold Hocher designed the study. Xiaoli Zhang, Ahmed 
A. Hasan, Suimin Zeng, Liping Liu and Li Xie performed 
the animal experiments and statistical analysis. Hongwei 
Wu performed bioinformatics analysis. Xiaoli Zhang, 
Ahmed A. Hasan, Jian Li and Berthold Hocher checked 
quality of the data. Xiaoli Zhang and Ahmed A. Hasan 
drafted the manuscript. Mohamed M. S. Gaballa, Jung 
Tobias, Grune Tilman, Bernhard K Krämer, Burkhard 
Kleuser, Jian Li and Berthold Hocher contributed to the 
revisions of the manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able in the methods and supplementary material of this 
article.

ORCID
Xiaoli Zhang   https://orcid.org/0000-0003-0076-0854 
Berthold Hocher   https://orcid.org/0000-0001-8143-0579 

REFERENCES
	 1.	 Lane RH. Fetal programming, epigenetics, and adult onset dis-

ease. Clin Perinatol. 2014;41(4):815-831.
	 2.	 McGee M, Bainbridge S, Fontaine-Bisson B. A crucial role 

for maternal dietary methyl donor intake in epigene-
tic programming and fetal growth outcomes. Nutr Rev. 
2018;76(6):469-478.

	 3.	 McPherson NO, Fullston T, Aitken RJ, Lane M. Paternal obesity, 
interventions, and mechanistic pathways to impaired health in 
offspring. Ann Nutr Metab. 2014;64(3-4):231-238.

	 4.	 Li J, Tsuprykov O, Yang X, Hocher B. Paternal programming 
of offspring cardiometabolic diseases in later life. J Hypertens. 
2016;34(11):2111-2126.

	 5.	 Chen YP, Xiao XM, Li J, Reichetzeder C, Wang ZN, Hocher B. 
Paternal body mass index (BMI) is associated with offspring in-
trauterine growth in a gender dependent manner. PLoS One. 
2012;7(5):e36329.

	 6.	 Ornellas F, Carapeto PV, Mandarim-de-Lacerda CA, Aguila 
MB. Obese fathers lead to an altered metabolism and obesity in 
their children in adulthood: review of experimental and human 
studies. J Pediatr (Rio J). 2017;93(6):551-559.

	 7.	 Moritz KM, Dodic M, Wintour EM. Kidney development 
and the fetal programming of adult disease. BioEssays. 
2003;25(3):212-220.

	 8.	 Wood-Bradley RJ, Barrand S, Giot A, Armitage JA. 
Understanding the role of maternal diet on kidney develop-
ment; an opportunity to improve cardiovascular and renal 
health for future generations. Nutrients. 2015;7(3):1881-1905.

	 9.	 Kataoka S, Norikura T, Sato S. Maternal green tea polyphenol 
intake during lactation attenuates kidney injury in high-fat-
diet-fed male offspring programmed by maternal protein re-
striction in rats. J Nutr Biochem. 2018;56:99-108.

	10.	 Lee YQ, Collins CE, Gordon A, Rae KM, Pringle KG. The rela-
tionship between maternal nutrition during pregnancy and off-
spring kidney structure and function in humans: a systematic 
review. Nutrients. 2018;10(2):241.

	11.	 Chowdhury SS, Lecomte V, Erlich JH, Maloney CA, Morris MJ. 
Paternal high fat diet in rats leads to renal accumulation of lipid 
and tubular changes in adult offspring. Nutrients. 2016;8(9):521.

	12.	 Nembhard WN, Tang X, Li J, et al. A parent-of-origin analysis 
of paternal genetic variants and increased risk of conotruncal 
heart defects. Am J Med Genet A. 2018;176(3):609-617.

	13.	 Zhang X, Dong Y, Sun G, et al. Paternal programming of 
liver function and lipid profile induced by a paternal pre-
conceptional unhealthy diet: potential association with al-
tered gut microbiome composition. Kidney Blood Press Res. 
2019;44(1):133-148.

	14.	 Petropoulos S, Matthews SG, Szyf M. Adult glucocorticoid ex-
posure leads to transcriptional and DNA methylation changes 
in nuclear steroid receptors in the hippocampus and kidney of 
mouse male offspring. Biol Reprod. 2014;90(2):43.

	15.	 Carone BR, Fauquier L, Habib N, et al. Paternally induced 
transgenerational environmental reprogramming of metabolic 
gene expression in mammals. Cell. 2010;143(7):1084-1096.

	16.	 de Castro BT, Alm PS, Krook A, Barres R, Zierath JR. Paternal 
high-fat diet transgenerationally impacts hepatic immunome-
tabolism. FASEB J. 2019;33(5):6269-6280.

	17.	 Wu L, Lu Y, Jiao Y, et al. Paternal psychological stress re-
programs hepatic gluconeogenesis in offspring. Cell Metab. 
2016;23(4):735-743.

	18.	 Morgan HL, Paganopoulou P, Akhtar S, et al. Paternal diet 
impairs F1 and F2 offspring vascular function through sperm 
and seminal plasma specific mechanisms in mice. J Physiol. 
2020;598(4):699-715.

	19.	 Ng SF, Lin RC, Laybutt DR, Barres R, Owens JA, Morris MJ. 
Chronic high-fat diet in fathers programs beta-cell dysfunction 
in female rat offspring. Nature. 2010;467(7318):963-966.

https://orcid.org/0000-0003-0076-0854
https://orcid.org/0000-0003-0076-0854
https://orcid.org/0000-0001-8143-0579
https://orcid.org/0000-0001-8143-0579


14 of 14  |      ZHANG et al.

	20.	 Ng SF, Lin RC, Maloney CA, Youngson NA, Owens JA, Morris 
MJ. Paternal high-fat diet consumption induces common 
changes in the transcriptomes of retroperitoneal adipose 
and pancreatic islet tissues in female rat offspring. FASEB J. 
2014;28(4):1830-1841.

	21.	 Oshio LT, Andreazzi AE, Lopes JF, et al. A paternal hypercaloric 
diet affects the metabolism and fertility of F1 and F2 Wistar rat 
generations. J Dev Orig Health Dis. 2020;11(6):653-663.

	22.	 Hur SSJ, Cropley JE, Suter CM. Paternal epigenetic program-
ming: evolving metabolic disease risk. J Mol Endocrinol. 
2017;58(3):R159-R168.

	23.	 Fullston T, Ohlsson-Teague EM, Print CG, Sandeman LY, Lane 
M. Sperm microRNA content is altered in a mouse model of 
male obesity, but the same suite of microRNAs are not altered 
in offspring's sperm. PLoS One. 2016;11(11):e0166076.

	24.	 Soubry A, Schildkraut JM, Murtha A, et al. Paternal obesity is 
associated with IGF2 hypomethylation in newborns: results 
from a Newborn Epigenetics Study (NEST) cohort. BMC Med. 
2013;11:29.

	25.	 Lecomte V, Youngson NA, Maloney CA, Morris MJ. Parental 
programming: how can we improve study design to discern the 
molecular mechanisms? BioEssays. 2013;35(9):787-793.

	26.	 Dwi Putra SE, Reichetzeder C, Meixner M, Liere K, Slowinski T, 
Hocher B. DNA methylation of the glucocorticoid receptor gene 
promoter in the placenta is associated with blood pressure regu-
lation in human pregnancy. J Hypertens. 2017;35(11):2276-2286.

	27.	 Graziano VR, Walker FC, Kennedy EA, et al. CD300lf is the pri-
mary physiologic receptor of murine norovirus but not human 
norovirus. PLoS Pathog. 2020;16(4):e1008242.

	28.	 Alvarez-Errico D, Aguilar H, Kitzig F, Brckalo T, Sayos J, Lopez-
Botet M. IREM-1 is a novel inhibitory receptor expressed by 
myeloid cells. Eur J Immunol. 2004;34(12):3690-3701.

	29.	 Keswani T, Roland J, Herbert F, et al. Expression of CD300lf by 
microglia contributes to resistance to cerebral malaria by imped-
ing the neuroinflammation. Genes Immun. 2020;21(1):45-62.

	30.	 Peluffo H, Alí-Ruiz D, Ejarque-Ortíz A, et al. Overexpression 
of the immunoreceptor CD300f has a neuroprotective role in a 
model of acute brain injury. Brain Pathol. 2012;22(3):318-328.

	31.	 Lago N, Kaufmann FN, Negro-Demontel ML, et al. CD300f im-
munoreceptor is associated with major depressive disorder and 
decreased microglial metabolic fitness. Proc Natl Acad Sci U S 
A. 2020;117(12):6651-6662.

	32.	 Bechtel W, McGoohan S, Zeisberg EM, et al. Methylation deter-
mines fibroblast activation and fibrogenesis in the kidney. Nat 
Med. 2010;16(5):544-550.

	33.	 Dwivedi RS, Herman JG, McCaffrey TA, Raj DS. Beyond ge-
netics: epigenetic code in chronic kidney disease. Kidney Int. 
2011;79(1):23-32.

	34.	 Jackson CM, Alexander BT, Roach L, et al. Exposure to ma-
ternal overnutrition and a high-fat diet during early postnatal 
development increases susceptibility to renal and metabolic in-
jury later in life. Am J Physiol Renal Physiol. 2012;302(6):F774
-F783.

	35.	 Sharkey D, Gardner DS, Symonds ME, Budge H. Maternal nu-
trient restriction during early fetal kidney development atten-
uates the renal innate inflammatory response in obese young 
adult offspring. Am J Physiol Renal Physiol. 2009;297(5):F1199
-F1207.

	36.	 Tian M, Reichetzeder C, Li J, Hocher B. Low birth weight, a 
risk factor for diseases in later life, is a surrogate of insulin re-
sistance at birth. J Hypertens. 2019;37(11):2123-2134.

	37.	 Reichetzeder C, Dwi Putra SE, Li J, Hocher B. Developmental 
origins of disease—crisis precipitates change. Cell Physiol 
Biochem. 2016;39(3):919-938.

	38.	 Krause BJ. Novel insights for the role of nitric oxide in placental 
vascular function during and beyond pregnancy. J Cell Physiol. 
2021;236(12):7984-7999.

	39.	 Tozour J, Hughes F, Carrier A, Vieau D, Delahaye F. Prenatal 
hyperglycemia exposure and cellular stress, a sugar-coated 
view of early programming of metabolic diseases. Biomolecules. 
2020;10(10):1359.

	40.	 Chen QI, Yan M, Cao Z, et al. Sperm tsRNAs contribute to in-
tergenerational inheritance of an acquired metabolic disorder. 
Science. 2016;351(6271):397-400.

	41.	 Masuyama H, Mitsui T, Eguchi T, Tamada S, Hiramatsu Y. 
The effects of paternal high-fat diet exposure on offspring me-
tabolism with epigenetic changes in the mouse adiponectin 
and leptin gene promoters. Am J Physiol Endocrinol Metab. 
2016;311(1):E236-E245.

SUPPORTING INFORMATION
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: Zhang X, Hasan AA, Wu 
H, et al. High-fat, sucrose and salt-rich diet during 
rat spermatogenesis lead to the development of 
chronic kidney disease in the female offspring of 
the F2 generation. FASEB J. 2022;36:e22259. 
doi:10.1096/fj.20210​1789RR

https://doi.org/10.1096/fj.202101789RR

