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Abstract

Chronic high-fat diet (HFD) consumption causes ovarian dysfunction in rodents. Acute dietary 

treatment with docosahexaenoic acid (DHA) increases oocyte quality and ovarian reserve at 

advanced reproductive age. We hypothesized that DHA supplementation after HFD exposure 

reverses HFD-induced ovarian defects. We conducted a dietary intervention with reversal to chow, 

DHA-supplemented chow, or DHA-supplemented HFD after HFD consumption. After 10 weeks, 

HFD-fed mice had impaired estrous cyclicity, decreased primordial follicles, and altered ovarian 

expression of 24 genes compared to chow controls. Diet reversal to either chow or chow+DHA 

restored estrous cyclicity, however only chow+DHA appeared to mitigated the impact of HFD on 

ovarian reserve. All dietary interventions restored HFD-dysregulated gene expression to chow 

levels. We found no association between follicular fluid DHA levels and ovarian reserve. In 

conclusion our data suggest some benefit of DHA supplementation after HFD, particularly in 

regards to ovarian gene expression, however complete restoration of ovarian function was not 

achieved.
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1. Introduction

Obesity is associated with female reproductive dysfunction (1). Assisted reproductive 

technologies are also less effective in women with obesity (2-4). High-fat diets (HFD) are 

defined as those that exceed the recommended 35% of calories from fat (5). When HFDs, 

particularly those rich in saturated fat, are chronically consumed, metabolic and 

physiological disturbances can develop, including reproductive dysfunction. Indeed, HFD 
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consumption has been shown to cause ovarian dysfunction, diminished ovarian reserve (6,7), 

altered ovarian gene expression (7), increased ovarian inflammation (6,8,9), and oocyte-

specific defects (10,11) in rodents. These oocyte-specific defects, including increased lipid 

deposition, are not reversed by switching to a standard low-fat diet after HFD consumption, 

despite the fact that the HFD-induced metabolic disturbances observed in these mice are 

reversed (11). Although standard low-fat diets have not been able to reverse oocyte-specific 

defects, it is unknown if other HFD-induced ovarian defects, including premature depletion 

of the ovarian reserve and aberrant ovarian gene expression, can be reversed with dietary 

intervention, particularly one including supplementation with omega-3 fatty acids (FA) after 

HFD feeding.

Omega-3 and omega-6 polyunsaturated fatty acids (PUFA) can regulate reproductive 

function as they influence both prostaglandin synthesis and steroidogenesis (12). 

Prostaglandins are synthesized from membrane phospholipids containing omega-6 (1- and 2-

series prostaglandins) and omega-3 (3-series prostaglandins) FAs (12), and by altering the 

omega-6 and omega-3 FAs in the diet, the composition of membrane omega phospholipids is 

also changed (13). Variations in the composition of omega FAs in membrane phospholipids 

alter the types of prostaglandins produced, as the different omega-6 and omega-3 PUFAs 

compete for the same enzymes for prostaglandin synthesis (14,15). Further, the relatively 

high omega-6 to omega-3 ratio in HFDs (approximately 15:1 (16,17)) has been proposed to 

play a role in the associated ovarian inflammation (6,8,9). As omega PUFAs are involved in 

inflammation (omega-6 pro-inflammatory, omega-3 anti-inflammatory) (18), altering their 

content in the diet after HFD feeding may alleviate the associated ovarian inflammation and 

improve ovarian function.

A few studies have suggested that higher omega-3 FA levels may improve ovarian function 

and fertility. For example, a diet supplemented with docosahexaenoic acid (22:6 n3, DHA) 

at 2% of calories improved the quality of oocytes into advanced reproductive age, 

prolonging the female mouse reproductive lifespan (19). We have also shown that mice with 

the constitutively expressed fat-1 transgene (enzymatically converting endogenous omega-6 

to omega-3 PUFA (20)), have improved reproductive outcomes including increased 

primordial follicles at peak reproductive age and decreased ovarian macrophage infiltration 

with HFD-exposure (21). Others have shown that rats have increased growing follicle 

numbers when fed a DHA-enriched diet (22) and more ovulated oocytes when they are fed 

diets enriched with omega-3 FAs (23,24). Increased pregnancy rates in women that consume 

or have higher omega-3 FA levels have also been observed both with (25-27) and without 

(28) assisted reproduction technologies. Further, women with high omega-3 FA intakes have 

embryos with superior morphology, even though they have fewer follicles stimulated during 

their assisted reproduction cycles (29).

As acute dietary treatment with DHA has been shown to increase egg quality and ovarian 

reserve at advanced reproductive age (19), we hypothesized that DHA supplementation 

would similarly restore HFD-induced ovarian defects after HFD feeding. To investigate if 

DHA supplementation can rescue the negative ovarian phenotype induced by HFD, we 

performed a dietary intervention with DHA supplemented to both standard chow and HFD 

after chronic HFD consumption. Further, we examined non-esterified-FA (NEFA) levels in 
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follicular fluid (FF) from women with both normal and diminished ovarian reserve 

undergoing IVF to evaluate if human NEFA present in FF correlated with human diminished 

ovarian reserve.

2. Materials and Methods

2.1 Animal Care and Dietary Intervention

The Anschutz Medical Campus Center for Comparative Medicine facilities housed all mice 

as previously described (30). All procedures were approved by the University of Colorado 

Anschutz Medical Campus Institutional Animal Care and Use Committee (protocol 

B-109215(7)1D/00126). Mice had free access to water and food, and were monitored daily 

for wellness, signs of cage aggression, and disease.

C57BL/6J female mice (4-week-old) were received from Jackson Laboratory (Bar Harbor, 

ME). After 1-week of acclimation, mice were randomly assigned to receive HFD with 60% 

fat by calories (HFD, N = 45) (D12492, Research Diets, New Brunswick, NJ) or chow 

(15.1% fat by calories) (chow, N = 10) (Teklad 2920X, Envigo, Madison, WI) for 10 weeks. 

After 10 weeks, HFD mice were assigned to continue the 60% HFD (HFD/HFD, N = 15), or 

were switched to chow (HFD/Chow, N = 10), DHA and arachidonic acid (AA) 

supplemented chow (HFD/Chow+DHA, N = 10), or DHA and AA supplemented HFD 

(HFD/HFD+DHA, N = 10) for another 10 weeks. Chow mice remained on chow for the 

entire study period. DHA (U-84-A, Nu-check Prep, Elysian, MN) and AA (U-72-A, Nu-

check Prep) were added to both chow and HFD at a 20:1 ratio by Research Diets. This 

specific ratio of DHA to AA has been shown to prolong the reproductive lifespan and egg 

quality at advanced reproductive age in female rodents (19). Weekly body weight and food 

intake were recorded for all mice. In the HFD/chow+DHA group, one mouse was removed 

from the study after the diet switch due to extreme weight loss requiring euthanasia, 

bringing the final sample size of this group to N = 9. Details of the dietary intervention are 

provided in Figure 1. Detailed information on all diets used in this study are provided in 

Supplemental Table 1.

2.2 Estrous Cycle Evaluation

Mice were subjected to daily estrous cycle stage evaluation during weeks 8 to 10 and 18 to 

20 of dietary exposure, as previously described (31). Briefly, vaginal smears were collected 

daily and evaluated for cycle stage. Cycles were determined to be abnormal if a mouse had 

irregular progression through the stages, a prolonged cycle (greater than 5 days), or an 

extended time in a cycle stage (greater than 3 days). All mice were sacrificed in diestrus at 

25 weeks of age. One mouse in the HFD/HFD+DHA group was unable to be sacrificed in 

diestrus due to irregular cyclicity and instead sacrificed in estrus. This mouse was excluded 

from all analysis where cycle stage is a confounding factor.

2.3 Tissue Collection

Body weight was recorded prior to sacrifice. Blood was collected from the tail vein in mice 

fasted for at least two hours to assess glucose levels with the ReliOn blood glucose 

monitoring system (Ultima). Immediately after sacrifice blood was collected by cardiac 
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puncture and serum collected, as previously described (30). Rump to nose length was 

measured and ovaries were collected, the right ovary used for follicle counts and the left 

ovary for RNA-sequencing analysis or immunohistochemistry (randomly determined to have 

at least four ovaries in each group). Abdominal fat and subcutaneous fat were collected from 

each animal and the wet weight of each depot was recorded. Total fat from each animal was 

determined as the sum of the two adipose depots. Both fat depots and total fat were 

normalized to each mouse’s body weight. A body mass index (BMI) value was calculated 

for each animal using the following equation as previously described (32,33):

BMI = body weight(grams)
rump to nose length(cm)2

2.4 Follicle Counts and Corpus Luteum Analysis

Differential follicle counts on serial sections from the right ovary were determined as 

previously described (6,34). Additionally, the ratio of primordial (resting) to growing 

(primary, secondary, and antral follicles) follicles was calculated for each mouse.

To determine the number of corpora lutea (CL) per ovary, every 40th section of a serially 

sectioned ovary (8 μm sections) was counted as previously described (7). To ensure no CL 

were counted twice, each CL was followed for its entirety through the ovary and only 

counted once, even if it appeared in the next section to be counted.

2.5 Serum Assays

Anti-mullerian hormone (AMH) levels were assessed with the rat and mouse ELISA assay 

(cat # AL-113, Ansh Labs, Webster, TX) and follicle stimulating hormone (FSH), 

luteinizing hormone (LH), prolactin, and thyroid stimulating hormone (TSH) levels were 

assessed with the Milliplex Mouse Pituitary Magnetic Bead Panel (cat # MPTMAG-49K, 

Millipore Sigma, Burlington, MA) following manufacturer’s protocols. Sensitivity and inter-

assay and intra-assay coefficient of variation (CV) for serum assays are provided in 

Supplemental Table 2. All serum assays were performed on serum obtained from a single 

blood sample collected at sacrifice.

2.6 Immunohistochemistry

Immunohistochemistry of ovarian CD68 (tissue macrophage marker, Cat # ab125212, 

Abcam, Cambridge, MA) was performed to assess ovarian inflammation. Ovaries from N = 

4-5 mice per group were fixed in 4% paraformaldehyde, embedded in paraffin, and serially 

sectioned (5-μm sections). Sections were then rehydrated and stained for CD68 as 

previously described (21). Three ovarian sections for each mouse were stained for CD68 and 

one negative no primary antibody control was included for each animal to ensure antigen 

specificity.

The total numbers of macrophages (CD68 positive cells) were counted in three sections 

taken from the middle of the ovary from each mouse. ImageJ (National Institute of Health, 

Bethesda, MD) was used to determine the area of each ovarian section counted for 

macrophages. The number of macrophages for each section was normalized to the area of 
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that ovarian section, and the adjusted counts from the three sections for each animal were 

averaged to determine the number of macrophages per ovarian mm2 for each experimental 

animal. 4 to 5 ovaries from each group were analyzed.

2.7 RNA-sequencing

RNA was extracted with the Allprep DNA/RNA/Protein mini kit following manufacture 

protocols (Cat # 80004, Qiagen, Hilden, Germany) from the left ovary. Four to five animals 

from each dietary group were randomly selected for RNA-sequencing analysis. Nanodrop 

2000 Spectrophotometer (Thermo Scientific, Frederick, MD) was used to assess RNA 

quality and quantity. RNA samples were submitted to the University of Colorado Denver’s 

Genomics and Microarray Core (Aurora, CO) where quality was assessed with the Agilent 

2100 Bioanalyzer both before and after library preparation with polyA selection using 

Nugen’s Universal Plus mRNA-seq kit. Sequencing was performed with the NovaSEQ6000 

Ilumina sequencing platform as paired end 2 × 150 cycle sequencing at 40 million reads (80 

million paired reads) per sample. Samples were run in two batches. Base calling was 

performed with RTA version 3.3.3. All raw reads from RNA-sequencing had at least 90.1% 

of bases with a quality score of at least 30 and a mean quality score of at least 35.2. To 

determine the quality of the raw RNA-sequencing reads, FastQC was used (https://

www.bioinformatics.babraham.ac.uk/projects/fastqc/). TrimGalore! (http://

www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to trim adaptors and to 

remove poor quality sequences with phred cutoff of 20. FastQC was then used to assess 

quality of the trimmed reads, and all samples passed quality control. All reads were then 

aligned to the mouse GRCm38 reference genome with STAR (35) and alignment summary 

metrics are provided in Supplemental Table 3. FeatureCounts was then used to count the 

mapped reads (36). Finally, edgeR (37) was used for differential expression (DE) analysis, 

accounting for the batch each sample was run in and only including genes with at least 5 

counts per million. Heat maps were generated with pheatmap in Rstudio using normalized 

log counts per million values.

2.8 Human Follicular Fluid Fatty Acid Assessment

To begin to correlate our animal data with human data, we analyzed FA levels in leftover FF 

from patients undergoing IVF at a single academic center (University of Colorado’s 

Advanced Reproductive Medicine Clinic). All procedures were approved by the Colorado 

Multiple Institutional Review Board (COMIRB, protocol 16-2496). We recruited patients 

with diminished ovarian reserve (DOR), and normal ovarian reserve (NOR) controls. DOR 

was defined as either AMH < 1.0 ng/ml, antral follicle count (AFC) ≤ 10, ≤ 10 oocytes 

retrieved, or FSH > 10 mIU/ml. NOR controls had either tubal or male factor infertility. 

Exclusion criteria included polycystic ovary syndrome (PCOS), fish oil supplementation, 

and age < 21 or > 45 years. Participant characteristics are presented in Supplemental Table 

4.

After informed consent was obtained, remaining FF after oocyte retrieval was collected and 

briefly stored at 4°C until samples were transported to the lab on ice. FF samples were then 

centrifuged at 500 × g for 5 min at 4°C, and the supernatant was removed and stored at 

−80°C until FA extraction. Briefly, 250 μL of FF was added to 250 μL of potassium 
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phosphate buffer (pH 7), 10 μL was removed for total protein estimation, and 500 ng of 

blended stable isotope internal standards (described in (38)) was added to the remaining 490 

μL that was acidified with 40 μL of 1M HCl. Total lipids were extracted sequentially with 2 

mL of 3:1 (vol/vol) Hexanes:Ethyl Acetate, followed by re-extraction with 2 mL of 100% 

Hexanes. Both organic extracts were combined and taken to dryness under N2 gas. The 

NEFA in the total lipid fraction were derivatized and quantified by mass spectrometry as 

previously described (39), and all NEFA were normalized to total protein levels in the 

extracted sample (39). To control for confounding fatty acids bound to HSA in the modified 

human tubal fluid (mHTF) media (40), 250 μL of the unused media was extracted in parallel 

with FF samples and the FA present in mHTF media were quantitatively subtracted from FA 

detected in FF samples.

2.9 Statistics

For anthropometrics, blood glucose, dietary intake, serum hormones, follicle counts, CL, 

and ovarian macrophage infiltration, statistical differences were determined with a one-way 

ANOVA followed by Tukey’s post-hoc test if the overall ANOVA reached statistical 

significance. Differences in the number of mice with abnormal estrous cycles between the 

groups were assessed with a chi-squared test. A p-value of < 0.05 was considered 

statistically significant. For FF data, student’s two-tailed t test was used to determine 

differences between the NOR and DOR groups. Correlations of FF FA levels and other 

parameters were performed with Pearson’s correlations as appropriate. All data are reported 

as means ± SEM unless otherwise noted. All statistical analysis of anthropometrics, blood 

glucose, serum hormones, follicle counts, CL, ovarian macrophage infiltration, and FF data 

were determined with GraphPad Prism7 (GraphPad Software, San Diego, CA). For RNA-

sequencing analysis, genes were considered differentially expressed between groups as p < 

0.0001, with special consideration given to genes that were also significant after using the 

false discovery rate to control for multiple comparisons at q < 0.05. Only genes in the 

GRCm38 mouse reference genome were considered in the analysis and interpretation of DE 

genes.

3. Results

In order to determine the efficacy of DHA supplementation in improving HFD-induced 

ovarian dysfunction we performed a study with two periods of dietary intervention (Figure 

1). The first dietary intervention consisted of 10 weeks of HFD feeding to induce ovarian 

dysfunction. The second dietary intervention, or the diet reversal, involved switching mice 

from HFD to either a standard chow, a chow supplemented with DHA, or a HFD 

supplemented with DHA for another 10 weeks while a final group remained on HFD as 

HFD-controls. All mice were compared to mice of the same age fed chow for the entire 

study period (during both dietary interventions).

3.1 Animal Characteristics and Dietary Intake

After 10 weeks of HFD exposure, all HFD-fed mice weighed more than chow-fed controls 

(p < 0.005, Figure 2A). Following 20 weeks of dietary feeding, HFD and HFD/HFD+DHA 

mice continued to weigh more than chow-fed controls (p < 0.0001), however diet reversal to 
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either chow or chow+DHA after HFD restored body weight to that of chow-fed controls 

(Figure 2B). Weekly body weights for all mice are presented in Supplemental Figure 1. 

Consistent with increased body weight, the HFD and HFD/HFD+DHA groups also had 

elevated BMI, abdominal fat, subcutaneous fat, and total fat compared to chow-fed controls 

(p < 0.0001), while reversal to chow or chow+DHA restored all these parameters to levels 

similar to chow-fed controls (Figure 2C-F). Blood glucose levels were only elevated after 20 

weeks of dietary intervention in the HFD/HFD mice compared to chow-fed controls (p < 

0.05, Figure 2G).

During the first dietary period, weeks 0 to 10, all mice ingesting HFD consumed more total 

calories and more calories from total fat than the chow-fed controls (p < 0.05, Table 1). In 

the first dietary period there was no DHA intake in any of the groups, however AA was 

consumed by all mice receiving the HFD (Table 1). During the second dietary period, the 

mice continued to be fed HFD and those switched to HFD+DHA continued to consume 

more total calories and more calories from total fat than mice in all other groups (p < 0.05, 

Table 1). During the second dietary period, the HFD/chow+DHA and HFD/HFD+DHA 

groups consumed on average 6.22 ± 0.55 g/kg BW and 6.55 ± 0.34 g/kg BW DHA per week 

respectively, while there was no DHA consumption in any of the other groups (Table 1). The 

chow and HFD/chow groups consumed no AA during the second dietary period, while all 

other groups had some AA intake (Table 1).

3.2 Estrous Cycle

After 10 weeks, all mice fed HFD had a higher prevalence of abnormal estrous cycles than 

the chow-fed controls (p < 0.05, Figure 3A). After 20 weeks, the HFD mice continued to 

have a higher prevalence of impaired cyclicity compared to chow-fed controls (p < 0.05, 

Figure 3B). Undergoing a diet reversal from HFD to either chow or chow+DHA resulted in 

improvement of the estrous cycle with no difference in the prevalence of mice with 

abnormal cycles compared to the chow-fed controls (Figure 3B). However, the mice that 

were switched from the HFD to HFD+DHA did not experience improvement to this extent, 

still experiencing clinically relevant but not significant increased prevalence of mice with 

impaired estrous cycles compared to chow-fed controls (p = 0.068, Figure 3B).

3.3 Follicle Counts and CL Assessment

After 20 weeks of the various dietary exposures, there were no statistically significant 

differences in any of the ovarian follicle populations between the different dietary groups 

(Figure 4A-F). We observed a non-significant 21.9% decrease in primordial follicles in the 

mice fed HFD for 20 weeks compared to the chow controls. Mice that were reversed to 

either chow or HFD+DHA had similar non-significant decreases in primordial follicles with 

36.3% and 40.6% fewer primordial follicles respectively relative to chow-fed controls. Mice 

from the diet reversal to chow+DHA had only 11.6% fewer primordial follicles than the 

chow-fed controls. Further, reversal to chow+DHA resulted in increased secondary and 

antral follicles relative to chow controls (32.3% and 31.1% respectively).

We also observed no significant differences in the number of CL in the ovaries of our mice 

(Figure 4G), however, we did observe fewer CL in the HFD-fed mice and in the mice 

Hohos et al. Page 7

Mol Cell Endocrinol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reversed to either chow, chow+DHA, or HFD+DHA compared to chow controls (36.5%, 

17.5%, 34.0%, and 28.6% respectively).

3.4 Hormones Affecting Reproduction

There were no significant differences in the levels of AMH, LH, FSH, prolactin, or TSH 

between any of the groups (Table 2) after the dietary intervention. When the LH:FSH ratio 

was examined, we also saw no differences between groups. The LH:FSH ratio was < 1 for 

all groups exposed to HFD, providing evidence that there was no development of PCOS with 

HFD feeding (41).

3.5 Ovarian Macrophage Infiltration

To determine ovarian inflammation we examined infiltrating ovarian macrophages after 

dietary intervention. Although the HFD-fed mice had 45.6% more macrophages per ovary 

(143.5 ± 15.7 macrophages/mm2 ovary) than chow-fed controls (98.5 ± 24.7 

macrophages/mm2 ovary), this did not reach statistical significance. We also observed non-

statistically significant increased infiltration of ovarian macrophages of 56.4% and 41.3% in 

the mice that were reversed to chow and to chow+DHA after HFD respectively (154.1 

± 13.1 macrophages/mm2 ovary and 139.3 ± 29.8 macrophages/mm2 ovary respectively). 

Interestingly, the mice reversed to HFD+DHA after HFD feeding had infiltrating 

macrophages levels similar to the chow-fed controls (110.13 ± 25.2 macrophages/mm2 

ovary). Representative images of ovarian macrophage infiltration are presented in Figure 5.

3.6 Ovarian Gene Expression

After 20 weeks of HFD, we identified 24 genes with altered ovarian expression compared to 

the chow-fed controls (p < 0.0001). When we examined the impact of each of our diet 

reversals on these 24 genes with aberrant expression in the HFD-fed mice, we found that the 

mice reversed to chow after HFD feeding had 20 of the 24 genes expression levels restored 

to that of the chow controls, the mice reversed to chow+DHA after HFD had 22 of the 24 

genes restored to that of chow controls, and the mice reversed to HFD+DHA had just 16 of 

the 24 genes expression levels restored to that of chow controls (Figure 6A, Table 3). 

Interestingly we identified a novel gene, Gm42508, with no known function, that was the 

only DE gene in all dietary reversal groups compared to chow mice with 6.05, 5.90, 4.42, 

and 6.25 log2 fold change in the HFD, HFD/Chow, HFD/Chow+DHA, and HFD/HFD

+DHA groups respectively. We also found that each of the four dietary interventions induced 

their own ovarian gene expression profile that was unique from the chow-fed controls 

(Figure 6B, Supplemental File 1). The mice reversed to chow, to chow+DHA, or to HFD

+DHA had 66, 16 and 45 genes with altered expression relative to chow-fed controls 

respectively (p < 0.0001).

To understand how the various dietary exposures influenced ovarian specific function, we 

identified 15 genes with documented relation to the ovary in the literature (Table 4). 

Common DE genes included five involved in folliculogenesis (Bmper, Flt4, Bdnf, Crhr1, 

and Agt) (42-46), three involved in ovulation (Ccr3, Ptx3, and Agt) (46-48), three involved 

in steroidogenesis (Crhr1. Agt, and Bdnf) (49-51), one involved in luteinization (Agt) (46), 

three involved in luteolysis (Flt4, Lyve1, and Agt) (52,53) (51), four reproductive hormone 
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responsive genes (Ltbp2, Nr1d1, Sfrp5, and Usp53) (54-57), two involved in cumulus cell 

expansion (Bdnf and Ptx3) (58,59), three involved in oocyte maturation (Bdnf, Crhr1, and 

Agt) (60-62), two known to be upregulated in PCOS (Adra1a and Srd5a1) (63,64), and Hp, 

which is increased in IVF patients with better outcomes (65). Interestingly, two genes 

involved in circadian rhythms, Nr1d1 and Nr1d2, were upregulated in the DHA-

supplemented chow reversal group compared to chow controls. As the ovarian clock and its 

synchronization with the peripheral clock is proposed to be important to ovarian function 

(66), the upregulation of these genes in the chow+DHA reversal group may be involved in 

the improved ovarian function observed in these mice.

Although total ovarian RNA was used for RNA-sequencing, we searched the Ovarian 

Kaleidoscope Database (67) to determine ovarian cell type specific expression of all DE 

genes and have provided these data in Table 4. DE gene were found to be expressed in all 

cell types in the ovary, however the most DE genes were found to be expressed in granulosa, 

theca, and/or luteal cells.

3.7 Fatty Acid Levels in Human Follicular Fluid

As expected, DOR patients had lower AMH levels, lower AFC, fewer oocytes retrieved, and 

higher FSH levels compared to NOR controls (Supplemental Table 4). There were no 

differences in either age or BMI between the DOR and NOR groups (Supplemental Table 4).

Because our rodent experiments modeled various dietary fat exposures and DHA 

supplementation, we examined a comprehensive profile of FF FAs by quantitative lipid mass 

spectrometry. Only the saturated FA arachidic acid (C20:0) present in the NEFA fraction of 

FF was significantly decreased in the DOR group (p = 0.01, Supplemental Table 5). We 

observed no difference in the level of any of the bioactive omega-6 or omega-3 FAs between 

the DOR and NOR groups in the NEFA quantified in FF. Interestingly, we observed a 

positive correlation between the ratio of saturated FAs to MUFAs plus PUFAs and AFC (r = 

0.55, p = 0.012), and a positive correlation between the levels of arachidic acid and AMH (r 

= 0.48, p = 0.033) (Figure 7).

4. Discussion

Herein we investigated if dietary intervention, particularly one including DHA 

supplementation, after chronic HFD exposure could restore HFD-induced ovarian 

dysfunction. We found that DHA supplementation had no additional benefit to weight loss in 

improving estrous cyclicity. DHA supplementation to HFD inhibited HFD-induced ovarian 

macrophage infiltration. Both DHA supplementation and weight loss provided benefit in 

restoring HFD-induced dysregulation of ovarian gene expression, and when the two were 

combined they conferred the most benefit to restoration of ovarian gene expression. 

However, the expression of one gene, Gm42508, was unable to be restored to chow levels by 

any dietary intervention, suggesting that Gm42508 plays a key role in HFD-induced ovarian 

dysfunction. Finally, when examining human follicular fluid, we found no association 

between DHA levels and ovarian reserve.
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Interestingly, the only HFD-induced ovarian insult we assessed that showed improvement by 

all diet reversals was ovarian gene expression. The most benefit was provided in the group 

reversed to chow+DHA after HFD, suggesting that both weight loss and DHA 

supplementation have separate roles in restoring ovarian gene expression. Yet, one gene, 

Gm42508, which was increased with HFD feeding, was not restored to chow levels by any 

diet reversal, suggesting dietary intervention alone is not sufficient for complete restoration 

of ovarian gene expression. Gm42508 does not have a known function, but has been shown 

to be upregulated in female septal astrocytes compared to female lateral astrocytes (68). 

Future work is needed to investigate Gm42508’s role in the ovary and determine how HFD 

is impacting its expression and possibly ovarian function.

Although all of our diet reversals were able to at least partially restore HFD-induced gene 

dysregulation, each of the three dietary interventions also invoked a unique ovarian gene 

expression profile, highlighting the impact diet has on ovarian gene expression. Others have 

also shown that changes in diet alter ovarian gene expression including HFDs (69), omega-3 

FA supplementation (70), and maternal low protein diets (71). Interestingly, we have 

previously shown that HFD alters ovarian gene expression regardless of obesity (7). 

Collectively these data suggest that in regards to ovarian gene expression, diet is an 

important contributing factor, and perhaps may be a more important than body weight. More 

work is needed to understand the relationship between diet and ovarian gene expression and 

how diet induced ovarian gene expression changes impact ovarian function.

We have previously shown that mice with the constitutively expressed fat-1 transgene (20) 

have increased primordial follicle numbers compared to wild-type mice when fed either 

standard chow or a 60% HFD (21). However, in the current study we did not see a benefit of 

DHA supplementation after HFD on the ovarian reserve. Fat-1 mice have elevated omega-3 

FA levels starting in the early embryonic period (20,72) and perhaps this lifelong exposure 

provides protection to ovarian follicles in the face of HFD, while an acute supplementation 

with DHA is unable to confer the same benefits to the ovarian reserve. It is important to note 

that our HFD-fed mice did not develop the levels of primordial follicle depletion that we 

have previously observed (6,7), leaving little room to observe any benefit of DHA.

In contrast to our hypothesis that DHA supplementation would restore HFD-induced ovarian 

dysfunction by alleviating HFD-induced ovarian inflammation, we only observed improved 

ovarian inflammation (reduction of infiltrating ovarian macrophages) in the mice receiving 

HFD supplemented with DHA. However, the mice did not have improved estrous cyclicity 

or improved ovarian reserve. On the other hand, mice reversed to chow supplemented with 

DHA did not have decreased ovarian inflammation, but did have improved estrous cyclicity 

and ovarian reserve similar to controls. It is important to consider that macrophages have 

important functions in the ovary in addition to accumulating at the site of inflammation and 

participating in ovarian inflammatory responses (73). Ovarian macrophages play a role in 

the phagocytosis of regressing CL and atretic follicles as well as ovulation (73,74). Thus, the 

relationship between ovarian macrophage levels and ovarian function is not as clear as a 

simple correlation with inflammation. Perhaps the elevated ovarian macrophages in the mice 

reversed to chow+DHA are there to exert their ovarian function in excess to overcome HFD-

induced ovarian dysfunction. On the other hand, the reduced macrophages in the mice 
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reversed to DHA supplemented HFD may be reflecting an improvement in ovarian 

inflammation, but were now no longer present at high enough levels to overcome HFD-

induced ovarian dysfunction. Future work is needed to further understand this relationship.

When considering the results of the DHA supplementation on improving HFD-induced 

ovarian dysfunction, it is important to consider how this supplementation in mice would 

translate to human consumption. The DHA supplemented chow diet contains 2.18% of total 

calories from DHA, while the DHA supplemented HFD provides 1.38% of total calories 

from DHA. A human consuming a 2000 calorie/day diet would need to consume 4.9 g 

DHA/day to mimic the DHA supplemented chow or 3 g DHA/day to mimic the DHA 

supplemented HFD. As these are high levels of DHA, supplementation at the pharmaceutical 

level would be required to meet these needs. It is interesting to point out that although the 

DHA supplemented chow and HFD were both supplemented at 8 g DHA/kg diet, the chow 

diet contains less fat, and thus, the DHA content makes up a larger percentage of both fat 

calories and total calories of the chow diet than DHA does in the DHA supplemented HFD. 

This may explain some of the differences observed between the DHA supplemented chow 

and DHA supplemented HFD ovarian outcomes.

Finally, we did not observe any associations between FF DHA levels and ovarian reserve. 

However, it is important to note that we did not measure serum DHA levels or DHA intake 

in our participants, making it impossible to know if there were actual differences in DHA 

intake between the NOR and DOR groups. As women of child-bearing age in the US 

consume small amounts of DHA per day (88.1 ± 3.0 mg) (75), it is possible any differences 

in intake would be too small to resolve with our limited sample. Surprisingly, we found that 

the saturated FA arachidic acid was increased in the FF of NOR women and was positively 

associated with AMH levels. This was a surprising finding, as we did not expect higher 

levels of a saturated FA to be associated with better ovarian reserve. Others have found 

association with follicular fluid arachidic acid levels and fertility, however these data shown 

the opposite relationship, with cows from genetic backgrounds indicating low fertility have 

lower levels of arachidic acid in their follicular fluid (76). We also observed a positive 

correlation between the ratio of saturated to unsaturated FAs in FF and AFC. These data 

suggest a benefit of higher FF saturated NEFA levels in regards to ovarian reserve status, 

which is perplexing to the mouse data presented herein and our prior work showing high 

saturated fat intake is associated with poor ovarian reserve status (6,7). Future work is 

needed to investigate the relationship of FF FA, particularly saturated FAs and ovarian 

reserve.

4.1. Conclusions

In conclusion, our data suggests some benefit of DHA supplementation after HFD, 

particularly in regards to ovarian gene expression, however complete restoration of ovarian 

function was not achieved. Interestingly, each diet reversal induced its own gene expression 

profile, suggesting diet has a strong influence on ovarian gene expression. Although our 

dietary interventions did provide some improvement of ovarian function after HFD, 

complete restoration was not achieved. Other dietary and non-dietary interventions need to 

be considered to improve HFD-induced ovarian dysfunction.
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Abbreviations.

HFD High-fat diet

FA fatty acid

PUFA polyunsaturated fatty acid

DHA docosahexaenoic acid

AA arachidonic acid

BMI body mass index

AMH anti-mullerian hormone

DE differentially expressed

IVF In-vitro fertilization

FF follicular fluid

NEFA Non-esterified fatty acid

CL corpora luteum

FSH follicle stimulating hormone

LH luteinizing hormone

TSH thyroid stimulating hormone

CV coefficient of variation

DOR diminished ovarian reserve

NOR normal ovarian reserve

MUFA monounsaturated fatty acid

AFC antral follicle count

PCOS polycystic ovarian syndrome
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SEM standard error of the mean

Bmper BMP-binding endothelial regulator

Flt4 FMS-like tyrosine kinase 4

Bdnf brain derived neurotropic factor

Ccr3 chemokine motif receptor 3

Prx3 pentrazin related gene

Crhr1 corticotropin releasing hormone receptor 1

Agt angiotensinogen

Lyve1 lymphatic vessel endothelial hyaluronan receptor 1

Ltbp2 latent transforming growth factor beta binding protein 1

Nrd1d1 nuclear receptor subfamily 1, group D, member 1

Sfrp5 secreted frizzled-related sequence protein 5

Usp53 ubiquitin specific peptidase 53

Adra1a adrenergic receptor alpha 1a

Srd5a1 steroid 5 alpha-reductase 1

Hp haptoglobulin
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Highlights:

• Diet reversal with DHA supplementation after HFD restores ovarian gene 

expression

• DHA supplemented to chow after HFD appears to prevent ovarian reserve 

decline

• DHA has no additional benefit to reversal to chow on improving estrous 

cyclicity
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Figure 1. Schematic Representation of the Dietary Intervention Study.
Diet 1: Dietary intervention weeks 0 to 10; Diet 2: Dietary intervention weeks 10 to 20.

Hohos et al. Page 19

Mol Cell Endocrinol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Anthropometric and Metabolic Parameters After Dietary Intervention.
Anthropometric (A-F) and metabolic (G) parameters were measured after either 10 or 20 

weeks of diet. Data are presented as means ± SEM. Bars with different letters were 

significantly different (p < 0.05) as determined by a one-way ANOVA followed by Tukey’s 

post-hoc test. A-B, D-G Chow N=10, HFD N=15, HFD/Chow N=10, HFD/Chow+DHA/AA 

N=9, HFD/HFD+DHA/AA N=10. C Chow N=10, HFD N=15, HFD/Chow N=10, HFD/

Chow+DHA/AA N=8, HFD/Chow+DHA/AA N=10. Body weight (BW).
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Figure 3. Estrous Cyclicity After Diet 1 and 2.
Daily vaginal smears were assessed for the last two weeks of diet 1 (A) and diet 2 (B) to 

evaluate the estrous cycle. Data are presented as the percent of mice cycling normally or 

abnormally at each time point. Chi-squared test was used to assess differences between 

groups. *p < 0.05 †p < 0.07 as compared to chow. A-B Chow N=10, HFD N=15, HFD/

Chow N=10, HFD/Chow+DHA/AA N=9, HFD/HFD+DHA/AA N=10.
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Figure 4. Ovarian Follicle and Corpus Luteum Counts.
Serial ovarian sections were used to determine the number of (A) primordial follicles (B) 

primary follicles (C) secondary follicles (D) antral follicles and (G) CL per ovary after 

dietary intervention. The number of primary, secondary, and antral follicles for each animal 

were used to determine the number of growing follicles in each animal (E). The ratio of 

primordial to growing follicles per ovary is presented in figure 4F. Data are presented as 

mean ± SEM. A-F Chow N = 8, HFD N = 12, HFD/Chow N = 9, HFD/Chow+DHA N = 9, 

HFD/HFD+DHA N = 8. G Chow N = 7, HFD N = 12, HFD/Chow N = 10, HFD/Chow

+DHA N = 8, HFD/HFD+DHA N = 8.
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Figure 5. Ovarian Macrophage Infiltration.
Macrophages present in the ovary were identified using the CD68 marker in Chow (N = 5), 

HFD (N = 5), HFD/Chow (N = 5), HFD/Chow+DHA (N = 4), and HFD/HFD+DHA (N = 5) 

mice. Representative images are shown for (A) Chow, (B) HFD, (C) HFD/Chow, (D) HFD/

Chow+DHA, (E), HFD/HFD+DHA, and (F) negative no-primary antibody control.
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Figure 6. Ovarian Gene Expression Changes Following Dietary Intervention.
RNA-sequencing was conducted on the whole ovary to determine genes with altered 

expression after dietary intervention. A. Heatmap of the 24 genes (normalized log counts per 

million) found the be differentially regulated in the HFD mice compared to the chow 

controls was plotted for each dietary intervention group. B. Heat map of normalized log 

counts per million of all genes included in RNA-sequencing analysis plotted for each dietary 

intervention.
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Figure 7. Correlations Between FF NEFA and Reproductive Measures in IVF Patients.
The ratio of SFA/MUFA+PUFA was positively correlated with the number of antral follicles 

(A) and the amount of arachidic acid was positively correlated with AMH levels (B) in 

patients undergoing IVF. N = 20.
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Table 1.

Calories, AA, and DHA Consumed per Mouse per Week.

Diet 1 Diet 2

Total
kcal
per

week

Fat
kcal
per

week

AA per
week
(g/kg
BW)

DHA
per

week
(g/kg
BW)

Total
kcal
per

week

Fat
kcal
per

week

AA per
week
(g/kg
BW)

DHA
per

week
(g/kg
BW)

Chow 62.2a ± 2.3 9.4a ± 0.4 0.0a ± 0.0 0.0 ± 0.0 59.4a ± 1.0 9.0a ± 0.2 0.0a ± 0.0 0.0a ± 0.0

HFD 228.1b ± 11.8 136.8b ± 7.1 1.5b ± 0.1 0.0 ± 0.0 157.6b ± 8.1 94.6b ± 4.9 0.79b ± 0.06 0.0a ± 0.0

HFD/Chow 235.0b ± 12.8 141.0b ± 7.7 1.5b ± 0.1 0.0 ± 0.0 55.6a ± 7.2 8.4a ± 1.1 0.0a ± 0.0 0.0a ± 0.0

HFD/Chow+DHA 223.6b ± 9.2 134.2b ± 5.5 1.5b ± 0.1 0.0 ± 0.0 59.5a ± 6.3 10.1a ± 1.1 0.3c ± 0.03 6.2b ± 0.6

HFD/HFD+DHA 197.8b ±12.8 118.7b ± 7.7 1.3b ± 0.1 0.0 ± 0.0 153.9b ± 4.7 92.4b ± 4.9 1.0d ± 0.1 6.5b ± 0.3

Data reported as mean ± sem. Information for intake during diet 1 contains data from weeks 4 to 10 of dietary feeding and information for intake 
during diet 2 contains data from weeks 11 to 19 of dietary feeding. In each column, differing letters represent significant differences between the 
different dietary groups as determined by one-way ANOVA followed by Tukey’s posthoc test when appropriate. Differences were considered 
significantly different at p < 0.05.
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Table 2.

Serum Reproductive Hormone Levels After Dietary Intervention.

Chow HFD HFD/Chow HFD/Chow+DHA HFD/HFD+DHA

AMH
(ng/ml) 104.39 ± 9.35 74.45 ± 6.99 75.76 ± 13.83 102.88 ± 5.83 87.96 ± 11.47

LH
(ng/ml) 0.32 ± 0.088 0.29 ± 0.056 0.20 ± 0.031 0.15 ± 0.017 0.25 ± 0.056

FSH
(ng/ml) 2.22 ± 0.38 1.66 ± 0.23 1.65 ± 0.25 1.69 ± 0.17 2.10 ± 0.44

LH:FSH
ratio 0.21 ± 0.092 0.18 ± 0.03 0.14 ± 0.028 0.095 ± 0.011 0.24 ± 0.12

Prolactin
(ng/ml) 73.89 ± 6.72 63.07 ± 5.64 53.75 ± 5.73 54.02 ± 6.63 53.62 ± 8.92

TSH
(ng/ul) 0.96 ± 0.25 0.54 ± 0.092 0.55 ± 0.18 0.40 ± 0.081 0.54 ± 0.086

Serum was collected after 20 weeks of dietary intervention and assessed for AMH, LH, FSH, prolactin, and TSH levels. Data are presented as mean 
± SEM. Differences between groups were determined by a one-way ANOVA, as no significant ANOVA’s were found no post-hoc tests were 
conducted. AMH: Chow N = 9, HFD N = 10, HFD/Chow N = 9, HFD/Chow+DHA N = 9, HFD/HFD+DHA N = 9. LH, FSH, LH:FSH, prolactin, 
and TSH: Chow N = 8, HFD N = 7, HFD/Chow N = 7, HFD/Chow+DHA N = 7, and HFD/HFD+DHA N = 8.
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Table 4.

Dietary Intervention Induced Differentially Expressed Genes Involved in Ovarian Function

Gene

Log2 Fold Change

Ovarian role Ovarian cells
expressed in

HFD
v.Chow

HFD/
Chow
v. Chow

HFD/
Chow
+DHA
v. Chow

HFD/
HFD
+DHA
v. Chow

Bmper
BMP-binding endothelial 
regulator

−0.68 nd nd nd Folliculogenesis Unknown

Flt4
FMS-like tyrosine kinase 4

0.37 nd nd 0.45 Folliculogenesis
Luteolysis

Oocytes

Bdnf
brain derived neurotropic factor

nd 1.15 nd nd Folliculogenesis, cumulus 
cell explansion, 
steroidogenesis, oocyte 
maturation

Granulosa, 
cumulus, oocytes

Ccr3
chemokine motif receptor 3

nd −1.45 nd nd Ovulation Luteal

Ptx3
pentrazin related gene

nd nd nd 0.98 Ovulation, cumulus cell 
expansion

Granulosa, theca, 
cumulus

Crhr1
corticotropin releasing hormone 
receptor 1

nd 2.33 nd nd Steroidogenesis, 
folliculogenesis, oocyte 
maturartion

Theca and luteal

Agt
angiotensinogen

nd −0.76 nd nd Steroidogenesis, 
folliculogenesis, ovulation, 
luteinization, luteolysis, 
oocyte maturation

Granulosa, theca, 
cumulus, stromal, 
luteal, and surface 
epithelial

Lyve1
lymphatic vessel endothelial 
hyaluronan receptor 1

nd nd nd 1.13 Luteolysis Theca and luteal

Ltbp2
latent transforming growth factor 
beta binding protein 2

0.68 nd nd 0.77 Hormone responsive Theca

Nr1d1
nuclear receptor subfamily 1, 
group D, member 1

nd nd 0.70 0.70 Hormone responsive Granulosa

Sfrp5
secreted frizzled-related 
sequence protein 5

nd nd nd 3.29 Hormone responsive Unknown

Usp53
ubiquitin specific peptidase 53

nd 0.76 nd Nd Hormone responsive Unknown

Adra1a
adrenergic receptor, alpha 1a

1.27 nd nd 1.47 Upregulated in PCOS Stromal and luteal

Srd5a1
steroid 5 alpha-reductase 1

nd −0.41 nd nd Upregulated in PCOS Granulosa and 
theca

Hp
haptoglobulin

nd nd nd 2.61 Upregulated in IVF 
patients with better 
outcomes

Unknown

Genes that were differentially expressed in the ovary after dietary intervention that are related to ovarian function are listed along with the log2 fold 
change difference in expression, and the general ovarian function of the gene. No difference (nd). N = 4-5 for all groups.
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