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Fenofibrate, a peroxisome proliferator-activated receptor α (PPARα) agonist, is widely prescribed to 
treat hyperlipidemia and has therapeutic potential in liver and kidney diseases. However, fenofibrate 
is also associated with adverse effects, including elevated creatinine and liver and kidney toxicity, 
although the underlying mechanisms remain unclear. In addition, how fenofibrate regulates lipid 
metabolism differently in the liver and kidney is not well understood. Therefore, in this study, we 
investigated the dose-dependent effects of fenofibrate on liver and kidney metabolism in rats, with 
a focus on PPARα activation and potential mechanisms contributing to organ-specific toxicity. We 
used high-throughput transcriptomic data from 5-day rat in vivo studies, where rats were exposed 
to fenofibrate, and performed pathway enrichment, injury module, and detailed individual gene 
comparison analyses to investigate how liver and kidney metabolism were differentially altered 
between the two organs. Fenofibrate exposure significantly increased liver but not kidney weights 
and caused larger perturbations in the liver compared to the kidney transcriptome, with the majority 
of the changes related to PPARα regulation. Interestingly, our study revealed that the PPARα and 
RXRα genes are differentially regulated between the liver and kidney. In addition, we identified several 
differences between them in cellular and mitochondrial fatty acid transport, lipoprotein metabolism, 
fatty acid oxidation, branched-chain amino acid degradation, and glucose metabolism pathways. 
Furthermore, we identified transcriptomic inflection points at which the changes in the PPARα-
mediated regulation of lipid metabolism switched from beneficial to deleterious as the fenofibrate 
concentration increased leading to liver injury, providing potential mechanisms of toxicity.
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Lipids are fundamental to living cells as they are essential structural components of biological membranes and 
affect multiple cellular processes that are critical for maintaining homeostasis. Lipids generate and store cellular 
energy (e.g., triglycerides), interact with proteins to modulate their localization and function, and play key roles 
in cellular signaling processes1,2. Balancing lipid synthesis, uptake, utilization, and storage controls cellular lipid 
homeostasis, however, an imbalance in any of these processes can lead to excessive lipid accumulation, which 
has been associated with cellular injury and dysfunction in diverse tissues, including the liver, kidney, heart, 
brain, and skeletal muscles3–5. Importantly, numerous studies have demonstrated that dysregulation of lipid 
homeostasis is strongly associated with the highly prevalent human metabolic syndrome nonalcoholic fatty liver 
disease (NAFLD) as well as with acute, chronic, and diabetic kidney diseases6–11.

Cellular lipid metabolism is regulated by peroxisome proliferator-activated receptors (PPARs), a family of 
nuclear receptors that play essential roles in the transcriptional regulation of a variety of biological processes, 
including carbohydrate metabolism, cell proliferation, and inflammation12–15. PPARs are ligand-inducible 
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transcription factors, and three subtypes (α, β/δ, and γ) exist in mammals, each with a distinct tissue expression 
profile and set of functions. PPARα, which is widely expressed in tissues with high fatty-acid oxidation rates, 
such as the liver, kidney, heart, and skeletal muscles, functions as a major regulator of lipid hemostasis16,17. 
PPARα binds to DNA as a heterodimer with the retinoid X receptor (RXR) and controls the expression of 
numerous genes involved in a plethora of lipid metabolic pathways, including fatty acid uptake and synthesis, 
lipoprotein metabolism, microsomal, peroxisomal, and mitochondrial fatty acid oxidation, ketogenesis, bile 
acid metabolism, and gluconeogenesis, as well as various genes involved in peroxisomal processes and other 
metabolic pathways18–20.

A wide range of endogenous and naturally occurring biological molecules act as ligands for the activation 
of PPARα, including a variety of fatty acids (e.g., long-chain fatty acids), arachidonic acid metabolites, and 
eicosanoids21,22. In addition, PPARα can be activated by several synthetic molecules, including herbicides, 
surfactants, organic solvents, and fibrate drugs23–25. Importantly, fibrates are high-affinity PPARα activators that 
raise plasma high-density lipoprotein levels and reduce triglycerides, making them effective in the treatment 
of diseases like diabetes and dyslipidemia26–28. For example, fenofibrate is one of the well-known fibrate 
medications used to treat hypercholesterolemia in type 2 diabetes and hypertriglyceridemia and has shown 
positive effects on kidney function in patients with chronic kidney disease29–31. Furthermore, it is one of the 
drugs being evaluated for the treatment of NAFLD due to its effects on lipogenesis and catabolism of fatty 
acids32–34. However, fenofibrate administration has been associated with certain adverse effects on kidney 
function, such as elevation of plasma creatinine levels, and kidney injury has been observed in both clinical and 
animal studies30,35,36. Similarly, fenofibrate has also been linked to hepatotoxicity, with studies reporting adverse 
effects ranging from cholestasis to chronic liver injury37,38.

Although we know the beneficial and adverse effects of fenofibrate administration from clinical and 
animal studies, the pathogenesis of fibrate-induced liver and kidney injuries is unclear. Furthermore, while 
the mechanism of fenofibrate-mediated activation of PPARα in the modulation of lipid metabolism is well 
established in the liver, it has seldom been studied at the same level in the kidneys39–44. Therefore, in the current 
study, we aimed to examine the effect of fenofibrate activation on lipid metabolism in the liver and kidneys to 
identify potential similarities and differences in lipid regulation between the two organs. To this end, we used 
dose-dependent experimental data from rats exposed to fenofibrate at different concentrations and analyzed 
high-throughput transcriptomics data to investigate the role of PPARα in the liver and kidneys and identified 
key genes that were differentially regulated between the two organs as well as potential mechanisms that could 
lead to injury.

Materials and methods
Five-day in vivo rat exposure studies
A detailed description of the experimental protocol used for the 5-day in vivo rat studies has been published 
previously45. All studies were approved by the Battelle Animal Care and Use Committee, were carried out in 
accordance with all relevant NIH animal care and use guidelines and regulations, and adhered to the ARRIVE 
guidelines for the use of experimental animals. Briefly, male Sprague Dawley (Hsd: Sprague Dawley SD) rats 
were received at Battelle from Envigo (Haslett, MI, USA; now known as Inotiv, Inc.), were allowed to acclimate 
for approximately 2 weeks, and were then randomized based on body weight to ensure their initial body weights 
were balanced across the groups for the final experiments. After the acclimatization period, 8- to 10-week-old 
rats fed a normal diet received either vehicle control or fenofibrate by oral gavage. The fenofibrate concentrations 
(8, 16, 31.25, 62.50, 125, 250, 500, and 1000 mg/kg) were selected based on a 29-day exposure study listed in the 
TG-GATEs database46 and included concentrations higher and lower than those previously studied. Specifically, 
we selected the low concentrations of fenofibrate (8–30 mg/kg) that are equivalent to human therapeutic dose 
levels (145–200 mg/day). Fenofibrate was dissolved in a 0.5% aqueous methylcellulose solution (vehicle control) 
and administered at the selected eight different concentrations plus the control (n = 4 for each condition) once 
per day for 5 consecutive days starting on Day 0. The body weight of each rat was measured prior to dose 
administration. On Day 5, the rats were weighed and humanely terminated via exsanguination under 70% 
CO2:30% O2 anesthesia, and the liver and kidneys were rapidly collected. The terminal weights of the liver and 
kidneys were recorded, and the left lobe of the liver and the right kidney were transferred into RNAlater (Qiagen, 
Valencia, CA, USA) for RNA extraction.

Total RNA was extracted from the liver and kidney using the RNeasy Mini Kit (Qiagen) with a DNA 
digestion step, and a high-throughput transcriptomics analysis was performed using the rat S1500+ TempO-Seq 
platform47. Briefly, using 96-well plates, mRNA targets were hybridized with a detector oligo mix to generate 
a pool of amplification templates that share common polymerase chain reaction (PCR) primer-binding sites, 
and the plates were barcoded for proper identification following sequencing. Sample amplicons were pooled 
and cleaned using a PCR clean-up kit, and the libraries were then sequenced using a HiSeq 2500 Ultra-High-
Throughput Sequencing System (Illumina, San Diego, CA, USA) to generate sequenced readouts in the FASTQ 
file format.

After quality assessment of the FASTQ files, the TempO-Seq sequences were aligned to the rat S1500+ probe 
sequences using Bowtie version 1.2.248. The Bowtie configuration allowed up to three mismatches and selected 
the single best alignment for reporting. Samples were flagged and removed from further analysis based on 
the following criteria: sequencing read depth < 500 K, total alignment rate < 40%, unique alignment rate < 
30%, percent of probes with at least five reads < 50%, and number of aligned reads < 500 K. Furthermore, 
outlier samples were removed from downstream analysis based on principal component analysis, hierarchical 
clustering, and inter-replicate correlation analysis. Based on the attenuation factors provided in the platform 
documentation, unattenuated equivalent counts were calculated and normalized at the probe level by applying 
read counts-per-million normalization. Subsequently, a pseudo count of 1.0 was added to each normalized 
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expression, and the values were log2 transformed to complete the normalization. Finally, the log-transformed 
values from the S1500 + platform were extrapolated to the whole rat transcriptome to obtain the extrapolated 
full transcriptome expression profiles for all the liver and kidney samples, as described in our previous study49.

Differential gene expression and KEGG pathway analysis50–52

Using the extrapolated full transcriptome expression profiles for the liver and kidney samples from the control 
and different fenofibrate exposure groups, we performed a one-way analysis of variance (ANOVA) to determine 
if there was a significant difference between the means of the control group versus the fenofibrate groups. For 
this analysis, we used the Anovan function together with the least significant difference test in the multcompare 
function in MATLAB. We then estimated the false discovery rate (FDR) to correct for multiple comparisons 
using the Benjamini-Hochberg method (mafdr function in MATLAB). We defined a significantly expressed gene 
as one with an FDR-adjusted p-value < 0.1. We used the resulting differentially expressed gene fold-change (FC) 
values for all our subsequent analyses. For the KEGG pathway enrichment analysis50–52, we used the aggregated 
fold-change (AFC) method, which indicates whether a particular KEGG pathway was up- or downregulated 
using the gene expression FC values and the significance values as input53,54. Briefly, given the input, the AFC 
method estimates the mean FC value for each gene and provides the KEGG pathway score as the total FC value 
of all the genes in the pathway. The sign of the pathway score represents the direction of regulation, with positive 
values indicating upregulation and negative values indicating downregulation in the treatment condition 
compared with its corresponding control.

Results
Fenofibrate exposure resulted in higher absolute and relative liver weights compared to 
kidney weights
Figure 1 shows the alterations in terminal body weights as well as absolute and relative rat liver and kidney weights 
at the end of the 5-day fenofibrate exposure for the different concentrations. During the 5-day treatment, we did 
not observe a significant change in rat body weights, but we did observe a decreasing trend as the concentration 
of fenofibrate increased (Fig. 1A). Similarly, we did not see any change in the absolute kidney weight (Fig. 1B), 
although the relative kidney weight, which is the ratio of the absolute kidney weight to the terminal body weight, 
did increase significantly for the high-dose fenofibrate exposures (Fig. 1C) due to the decreasing trend observed 
in the terminal body weights (Fig. 1A). In contrast, compared to the control group, fenofibrate exposure resulted 
in significant increases in absolute (Fig. 1D) and relative liver weights (Fig. 1E), starting with a low dose (16 
mg/kg), and the response was dose dependent, with increasing fenofibrate concentrations leading to greater 
increases in absolute and relative liver weights until saturation was reached at the higher dose levels. These 
results suggest that fenofibrate exposure leads to significant enlargement of liver cells, consistent with previous 
observations of hepatomegaly observed with its use in other studies55,56.

Fenofibrate exposure induced significant dose-dependent alterations in the liver and kidney 
transcriptome
To obtain a global view of the effects of fenofibrate on liver and kidney metabolism, we used the targeted RNA-
sequencing platform TempO-seq combined with extrapolating the targeted gene expression changes to the rat 
whole transcriptome. Each control and treatment group contained four biological replicates per dose. First, we 
performed a principal component analysis (PCA) to assess the global transcriptomic changes in kidney (Fig. 2A) 
and liver metabolism (Fig.  2B) at the mRNA abundance levels. As expected, PCA analysis revealed clear 
separation of the control groups from the fenofibrate treatment groups. Furthermore, our observations from the 
PCA analysis indicated that the low-dose fenofibrate groups segregated from the high-dose groups and that the 
alterations in liver metabolism were much stronger, with 71% of the total variance in the data explained by the 
first component in the liver compared to 40% in the kidney. Next, we performed a one-way ANOVA to assess the 
magnitude of the effect of fenofibrate treatment on the liver and kidney transcriptome. Exposure to fenofibrate 
induced only minor changes in kidney metabolism at low concentrations (up to 16 mg/kg), however, the changes 
exponentially increased beginning at 31.25 mg/kg, with more than 10,000 genes altered significantly for the rest 
of the high-dose groups when we applied an FDR threshold of less than 0.1 (Fig. 2C). We observed a similar 
magnitude of gene expression changes in the liver, however, the changes exponentially increased beginning at 
62.50 mg/kg fenofibrate compared to the kidney (Fig. 2D).

Use of an FDR threshold alone resulted in a large number of genes being significantly altered with increasing 
fenofibrate dose, however, the magnitude of the change for a majority of these genes was much smaller. Therefore, 
to identify genes that showed biologically meaningful changes, we also implemented an FC threshold, with an 
absolute log2(FC) of greater than 0.5. With this criterion, we observed a drastic reduction in the number of 
significantly altered genes in both the kidney and liver across the different dose levels. Figure 3A shows the total 
number of significantly altered genes that satisfy both the FDR and FC criteria at the highest fenofibrate dose 
and the genes that are common between the kidney and liver. A hierarchical clustering analysis of the common 
altered genes between the kidney and liver indicated a significant overlap, with many genes perturbed similarly 
with increasing fenofibrate concentration (Fig. 3B; Clusters 1, 3, and 4). However, we observed a set of genes 
that were significantly downregulated in the kidney but upregulated in the liver upon fenofibrate exposure, 
indicating potential differences in metabolism (Fig.  3B; Cluster 2). Taken together, the gene expression data 
suggest that high-dose fenofibrate exposure significantly affected liver more than kidney metabolism, with the 
total number of significantly altered genes approximately 4 times higher in the liver than the kidney.
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Hepatic lipid metabolism was strongly affected by fenofibrate exposure
To obtain more insight on the functional impact of fenofibrate exposure on biological pathways, we performed 
a KEGG enrichment analysis using the kidney and liver genes that were significantly altered at the highest dose. 
Figure 3C shows a summary of the significantly upregulated cellular pathways, as indicated by their positive 
AFC z-score values, for the liver (blue) and the kidney (orange). As expected, we observed several common 
upregulated cellular pathways for lipid metabolism, indicating that it is a common target for fenofibrate in the 
liver and kidney. Interestingly, our pathway analysis indicated that the PPARα signaling pathway was significantly 
upregulated in both the liver and kidney upon fenofibrate exposure, suggesting its role in the activation of PPARα. 
In addition, we observed enrichment of several biological pathways unique to each organ. For example, histidine 
metabolism and the AMP-activated protein kinase signaling pathway were significantly upregulated only in the 
liver, whereas the terpenoid backbone biosynthesis and propanoate metabolism pathways were upregulated only 
in the kidney. These results suggest that fenofibrate exposure significantly perturbed biological pathways related 
to lipid metabolism in the liver and the kidney, with the magnitude of the perturbations much greater in the liver.

Fig. 1.  Alterations in rat terminal body weight and liver and kidney weights with increasing concentrations 
of fenofibrate at the end of a 5-day exposure study. (A) Terminal rat body weight. (B) Absolute kidney weight. 
(C) Relative kidney weight, which is the ratio of the absolute kidney weight to the terminal body weight. (D) 
Absolute liver weight. (E) Relative liver weight, which is the ratio of the absolute liver weight to the terminal 
body weight. *Statistical significance between the fenofibrate group and the vehicle control (p < 0.01).
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Fenofibrate induced distinct effects on kidney and liver PPARα expression, lipoprotein 
metabolism, and fatty acid transport
As described in Fig. 3C, fenofibrate exposure activated several common lipid metabolism-related pathways in 
both the kidney and liver, however, the magnitude of change for each pathway in each tissue indicated subtle 
differences between them. Therefore, we explored dose-dependent alterations in several genes involved in 
lipid metabolism for the fenofibrate groups compared to their controls. Figure 4 shows the effect of fenofibrate 
exposure on the expression of the PPARα and RXRα genes as well as the genes for lipoprotein metabolism and 
fatty acid transport. Our analysis revealed that fenofibrate consistently downregulated the PPARα and RXRα 
genes in the kidney and that the changes were significant (FDR < 0.1, bars in green) starting with a low dose 
(16 mg/kg) (Fig. 4A, top panel). Similarly, although fenofibrate exposure downregulated these genes in the liver 
at low dose levels, they were not statistically significant (Fig. 4A, bottom panel). However, in contrast, expression 
of these genes was significantly upregulated (FDR < 0.1; bars in red) in the liver as the fenofibrate concentration 
increased to higher dose levels (125 mg/kg), suggesting differential modes of regulation for these transcription 
factor genes between the liver and kidney upon fenofibrate activation.

Upon activation by fenofibrate, PPARα modulates lipoprotein metabolism to lower plasma triglycerides 
(TGs), and clearance of TG-rich lipoproteins is mediated by the enzyme product of the genes lipoprotein lipase 
(Lpl) and apolipoprotein c3 (Apoc3). In our 5-day rat fenofibrate exposure study, we observed a significant 
dose-dependent upregulation of Lpl gene expression in the liver starting with the 16  mg/kg dose (Fig.  4B, 
bottom panel), whereas it was consistently unchanged at any dose in the kidney, indicating major differences 
in lipoprotein metabolism between the liver and kidney. We observed a similar behavior for the Apoc3 gene 
in the liver and kidney (Fig. 4C), except Apoc3 gene expression was significantly downregulated in the liver 
while unchanged in the kidney. In addition, fenofibrate-induced alterations in genes involved in high-density 
lipoprotein (HDL) metabolism showed a similar trend (Fig. 4C). We observed consistent downregulation of 
the genes apolipoprotein a1 and a2 (Apoa1 and Apoa2) in the rat liver compared to the kidney upon fenofibrate 

Fig. 2.  (A, B) Identification of global gene perturbations in rat liver and kidney metabolism with fenofibrate 
treatment. We separated the control and fenofibrate-treated groups (N = 4 each) for the (A) kidney and (B) 
liver using principal component (PC) analysis. (C, D) Identification of the number of significant differentially 
expressed genes (DEGs) (false discovery rate < 0.1) in the (C) kidney and (D) liver using analysis of variance 
(ANOVA). Here, we performed a one-way ANOVA to identify differentially expressed genes and corrected for 
multiple comparisons using the Benjamini-Hochberg method to calculate the false discovery rate.
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exposure. However, in contrast, we observed that the phospholipid transport protein gene (Pltp), which is 
involved in lipoprotein metabolism, was significantly downregulated in the kidney at the highest fenofibrate 
dose but was unchanged in the liver, indicating contrasting roles of these genes between the organs.

Induction of the Lpl gene leads to conversion of TG-rich lipoproteins into free fatty acids, which need 
to be transferred across the cell membrane before they can be metabolized in the liver or kidney, and there 
are several proteins involved in fatty acid transport across the plasma membrane with both transporter and 
acyl-CoA synthetase activity. Our studies showed that the genes for fatty acid transport proteins belonging 
to the solute carrier family (Slc27a1 and Slc27a2) were significantly upregulated in both the liver and kidney, 
with stronger perturbations in the liver compared to the kidney (Fig. 4D). However, in contrast, fenofibrate 
exposure significantly upregulated expression of the fatty acid translocase gene (Cd36) in the liver whereas it was 
unchanged in the kidney (Fig. 4E). We observed a similar behavior for a group of high-affinity fatty acid binding 
proteins (Fabp1 and Fabp7) that play a significant role in partitioning fatty acids to specific lipid metabolic 
pathways for further processing. In addition, we observed that a rate-limiting gene involved in fatty acid uptake 
into the mitochondria (Cpt1b) was significantly upregulated in the liver yet unchanged in the kidney upon 
fenofibrate exposure (Fig. 4F), indicating major differences in fatty acid uptake between the liver and kidney. 
However, the gene responsible for the subsequent step in fatty acid uptake into the mitochondria (Cpt2) was 
upregulated in both the liver and kidney, with higher perturbations in the liver than the kidney, indicating a 
systematic subdued regulation of fatty acid uptake in rat kidney metabolism.

PPARα differentially regulated lipid synthesis and fatty acid oxidation in the kidney and liver 
with fenofibrate exposure
Pharmacological activation of PPARα with fenofibrate leads to a significant upregulation of numerous genes 
involved in fatty acid elongation (Elovl family) and fatty acid desaturation (Scd). Figure  5 compares the 
logarithmic FC values of the genes involved in lipogenesis and fatty acid oxidation between the liver and kidney. 

Fig. 3.  Fenofibrate induced unique and common gene and pathway alterations in rat liver and kidney 
metabolism. (A) Venn diagram of altered genes in the kidney and liver based on logarithmic fold-change (FC) 
value [|log2(FC)| > 0.5] and statistical significance criteria [false discovery rate (FDR) < 0.1] at the highest 
dose. (B) Hierarchical clustering of significantly altered logarithmic FC values for genes common between the 
kidney and liver for increasing doses of fenofibrate. (C) Significantly altered biological pathways in the kidney 
(orange) and liver (blue) at the highest dose. AFC, aggregated fold change.
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We observed a dose-dependent upregulation of the fatty acid elongation genes Elovl6 and Elovl7 in the liver, 
indicating a major increase in fatty acid synthesis in liver. In contrast, only the Elvol6 gene was upregulated in 
the kidney, and the magnitude of change was three times lower than that in the liver at the highest fenofibrate 
concentration (Fig. 5A). Similarly, we observed a strong upregulation of the fatty acid desaturation (Scd and 
Fads1) and malic enzyme (Me1) genes in the liver, whereas none of them was significantly altered in the kidney 
(Fig. 5B). However, one of the isoforms of the Scd gene (i.e., Scd2) was significantly upregulated in the kidney due 
to fenofibrate exposure, indicating notable differences in lipogenesis between the kidney and liver. Furthermore, 
we observed that numerous peroxisomal acyl-CoA thioesterase genes (Acot1-4), which convert acyl-CoAs into 
fatty acids, were significantly upregulated both in the liver and the kidney, but with a higher magnitude of change 
in the liver compared to the kidney (Fig. 5C).

A well-known function of PPARα upon physiological or pharmacological activation is to regulate fatty acid 
oxidation in peroxisomes, mitochondria, and microsomes. Our results show that the acyl-CoA oxidase gene 
(Acox1), which encodes the first enzyme in peroxisomal long-chain fatty acid oxidation, was significantly dose-
dependently upregulated in the liver upon fenofibrate exposure (Fig. 5D, bottom panel). We observed a similar 
behavior with the acyl-CoA dehydrogenase genes (Acadm, Acadl, and Acadvl) that are involved in the first step 
of mitochondrial fatty acid oxidation. In contrast, although we observed upregulation of these peroxisomal 
and mitochondrial genes in the kidney, the magnitude of the change was much lower compared to the liver 
(Fig. 5D, top panel). In addition, we did not see a clear dose-dependent behavior in the kidney as expression was 
saturated at low fenofibrate concentrations. However, we observed comparable responses between the kidney 

Fig. 4.  Effect of fenofibrate on PPARα and RXRα, lipoprotein metabolism, and fatty acid transport in rat 
kidney and liver. Fenofibrate induced dose-dependent alterations in the logarithmic fold-change (FC) values of 
the following genes: (A) Ppara and Rxra; (B) lipoprotein lipase (Lpl) and phospholipid transport protein (Pltp); 
(C) apolipoprotein A1 (Apoa1), apolipoprotein A2 (Apoa2), and apolipoprotein C3 (Apoc3); (D) solute carrier 
family 27 member 1 and member 2 (Slc27a1 and Slc27a2); (E) fatty acid translocase (Cd36) and fatty acid 
binding proteins (Fabp1 and Fabp7); and (F) mitochondrial carnitine palmitoyltransferases (Cpt1b and Cpt2). 
For each gene, individual bars represent fenofibrate dose groups ranging from a low concentration (left) to the 
highest concentration (right). Green and red indicate significant gene downregulation and upregulation (false 
discovery rate < 0.1), respectively, and gray bars indicate no change.
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and liver for the subsequent steps downstream of Acox1 in the peroxisomal fatty acid oxidation pathway, i.e., 
for the bifunctional 3-hydroxyacyl-CoA dehydrogenase gene (Ehhadh) and the peroxisomal 3-ketoacyl-CoA 
thiolase activity gene (Acaa1) (Fig. 5E, F). We did not see a similar response for the downstream genes involved 
in mitochondrial fatty acid oxidation. For example, the genes Echs1 and Hadha were marginally upregulated in 
the liver but downregulated in the kidney (Fig. 5E). Furthermore, the genes Acaa2 and Hadhb were significantly 
upregulated in the kidney even at a low fenofibrate concentration but were unchanged in the liver (Fig. 5F), 
suggesting crucial differences in fatty acid oxidation between the two organs.

Fenofibrate significantly upregulated branched-chain amino acid degradation in the liver and 
ketogenesis in both the liver and kidney
Upregulation of peroxisomal and mitochondrial fatty acid oxidation can result in excess production of acetyl-CoA, 
which feeds into ketogenesis pathways. Figure 6 shows the expression of several genes involved in ketogenesis 
and branched-chain amino acid (BCAA) degradation pathways that lead to production of ketone bodies. Our 
results show that fenofibrate exposure resulted in dose-dependent upregulation of several essential genes in 
BCAA catabolism in the liver, including the rate-limiting gene branched-chain α-ketoacid dehydrogenase 
complex (Bckdha) and several intermediate genes, such as Mccc1, Auh, Hsd17b10, Aldh3a2, Pccb, Mcee, and 
Mmut, that are part of BCAA degradation (Fig. 6A, B). Interestingly, except for Hsd17b10, none of the BCAA 
degradation genes was upregulated in the kidney, indicating that BCAA catabolism is not directly controlled by 
PPARα in kidney tissue. However, we observed a predominant upregulation of the HMG-CoA synthase gene 
(Hmgcs2) in both tissues, with a marginally higher FC value in the kidney, indicating similarity between the liver 
and kidney with respect to PPARα regulation of the ketogenesis pathway (Fig. 6C). These results indicate that the 
kidney plays an important role in the overall production of ketone bodies upon fenofibrate treatment.

Fig. 5.  Effect of fenofibrate on lipid synthesis and fatty acid oxidation in rat kidney and liver. Fenofibrate 
induced dose-dependent alterations in the logarithmic fold-change (FC) values of the following genes for lipid 
synthesis: (A) Elovl5, Elovl6, and Elovl7; (B) Scd, Scd2, Me1, and Fads1; (C) Acot1–4; and fatty acid oxidation: 
(D) Acox1, Acadm, Acadl, and Acadvl; (E) Echs1, Hadha, and Ehhadh; and (F) Acaa1, Acaa2, and Hadhb. For 
each gene, individual bars represent fenofibrate dose groups ranging from a low concentration (left) to the 
highest concentration (right). Green and red indicate significant gene downregulation and upregulation (false 
discovery rate < 0.1), respectively, and gray bars indicate no change.
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Fenofibrate induced stronger peroxisomal perturbations in the liver compared to the kidney
Pharmacological activation of PPARα is known to cause massive peroxisome proliferation in rodents via 
induction of several genes involved in fatty acid oxidation and peroxisomal biogenesis. Our 5-day rat exposure 
study results show that several genes involved in import of peroxisomal proteins and peroxisomal division (Pex 
family) were consistently upregulated in the liver with fenofibrate exposure (Fig. 6D, bottom panel). However, we 
observed downregulation of genes Pex7 and Pex11g in the kidney, indicating differences between the liver and 
kidney. We observed a similar behavior with respect to alterations in the antioxidant system in the liver, where 
the catalase (Cat), superoxide dismutase (Sod1 and Sod2), and peroxiredoxin (Prdx1) genes were significantly 
dose-dependently upregulated in the liver but were unchanged in the kidney with fenofibrate exposure (Fig. 6E). 
Furthermore, our results also indicated upregulation of several other genes involved in peroxisomal fatty acid 
oxidation, such as Eci2, Crat, and Crot, both in the liver and kidney, with the exception of Pecr, which was 
downregulated in the kidney compared to the liver (Fig.  6F). These results show that fenofibrate exposure 
resulted in much stronger perturbations in liver peroxisomes compared to the kidney.

Effect of fenofibrate exposure on energy metabolism, gluconeogenesis, and histidine 
metabolism
Our observation of upregulated fatty acid oxidation in peroxisomes and mitochondria leads to excess production 
of acetyl-CoA, which can be utilized in the mitochondrial cellular ATP generation process. To test whether 
fenofibrate had any effect on mitochondrial energy metabolism, we explored alterations in several genes in the 
tricarboxylic acid (TCA) cycle, oxidative phosphorylation, and other mitochondrial processes related to cell 
death (Fig. 7A-C). Our results show a dose-dependent increase in several genes in the TCA cycle in the liver 
but not in the kidney (Fig. 7A), indicating a strong upregulation of the TCA cycle in the liver due to fenofibrate 
exposure. The TCA cycle generates electron carriers, such as NADH and FADH2, which are transferred to 
oxidative phosphorylation in the mitochondria to generate ATP via the electron transport chain (ETC). Similar 

Fig. 6.  Effect of fenofibrate on branched-chain amino acid degradation, ketogenesis, and peroxisomes in rat 
liver and kidney. Fenofibrate induced dose-dependent alterations in logarithmic fold-change (FC) values of 
the following genes for branched-chain amino acid degradation: (A) Bckdha, Mccc1, Auh, and Hsd17b10; 
(B) Aldh3a2, Pccb, Mcee, and Mmut; ketogenesis: (C) Acat2, Hmgcs2, and Hmgcs1; peroxisomal division: 
(D) Pex7, Pex11g, and Pex11a; antioxidant systems: (E) Cat, Sod1, Sod2, and Prdx1; and fatty acid oxidation: 
(F) Pecr, Eci2, Crat, and Crot. For each gene, individual bars represent fenofibrate dose groups ranging 
from a low concentration (left) to the highest concentration (right). Green and red indicate significant gene 
downregulation and upregulation (false discovery rate < 0.1), respectively, and gray bars indicate no change.
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to the genes in the TCA cycle, we observed a dose-dependent increase in a majority of the genes that participate 
in the ETC in the liver, but they were either not changed or downregulated in the kidney (Fig. 7B). Furthermore, 
we observed a dose-dependent upregulation of several genes in the mitochondrial processes related to cell death 
at high fenofibrate concentrations in the liver but not in the kidney (Fig. 7C), indicating perturbed redox balance 
in the liver mitochondria that may result in oxidative stress.

A number of genes involved in liver gluconeogenesis are known to be targets of PPARα regulation. Figure 7D 
compares the effect of fenofibrate exposure on the genes involved in gluconeogenesis between the kidney and 
liver. Interestingly, one of the crucial genes involved in gluconeogenesis, phosphoenolpyruvate carboxykinase 
(Pck1), was consistently downregulated in the liver but upregulated in the kidney. However, in contrast, several 
genes downstream of Pck1 showed the opposite behavior, being dose-dependently upregulated in the liver 
(Fig. 7D, bottom panel) but either downregulated or unchanged in the kidney (Fig. 7D, top panel), indicating 
differential regulation of gluconeogenesis between the two organs. We observed a similar behavior for the 
histidine metabolism genes upon fenofibrate treatment (Fig. 7E). Specifically, the histidine decarboxylase gene 
(Hdc) was significantly upregulated (FC change > 6) only in the liver, indicating a stronger PPARα regulation in 
the liver than the kidney.

Fenofibrate exposure caused cellular degeneration or necrosis at higher doses in the liver
Glaab et al.57 previously identified a set of tissue-specific universal genes and their upregulated expression 
patterns that serve as an indicator of cellular degeneration or necrosis. To examine the effect of fenofibrate 
treatment on liver and kidney injury, we performed a universal toxicity gene signature analysis57 using the gene 
expression alterations from the 5-day rat studies. Figure 7F shows the dose-dependent expression patterns of the 
genes that are part of the kidney and liver universal gene signatures. Our results show that the kidney universal 
toxicity genes were consistently downregulated across the fenofibrate concentrations, with low FC values (Fig. 

Fig. 7.  Effect of fenofibrate on energy metabolism, gluconeogenesis, histidine metabolism, and the overall 
expression pattern of universal gene signatures for necrosis in rat kidney and liver. Fenofibrate induced dose-
dependent alterations in logarithmic fold-change (FC) values of the following genes for the tricarboxylic 
acid cycle: (A) Acly, Aco1, Idh3a, and Sdha; oxidative phosphorylation: (B) Nudfb8, Uqcr10, Cox7a2, and 
Atp5f1c; mitochondrial cell death: (C) Bax, Cycs, Casp3, and Casp7; gluconeogenesis: (D) Pck1, Fbp1, 
Pgam1, and Gapdh; and histidine metabolism: (E) Cndp2, Hdc, and Maoa. (F) Universal gene signatures for 
necrosis in the kidney and liver. For each gene, individual bars represent fenofibrate dose groups ranging 
from a low concentration (left) to the highest concentration (right). Green and red indicate significant gene 
downregulation and upregulation (false discovery rate < 0.1), respectively, and gray bars indicate no change.
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7F, top panel). However, in contrast, the liver universal toxicity genes were downregulated (indicated in green) 
at low concentrations of fenofibrate (Fig. 7F, bottom panel) but significantly upregulated (indicated in red) as the 
fenofibrate concentration increased above 125 mg/kg. These results indicate that fenofibrate exposure did not 
cause kidney cell necrosis at any concentration but led to liver cell degeneration at higher dose levels, indicating 
a potential injury initiation process that can result in liver injury.

Discussion
Fibrates, such as fenofibrate, have been known as activators of peroxisome proliferation in rodents for many 
years21,25,58. They have been approved for the treatment of dyslipidemia and act via PPARα, which controls 
lipid metabolism and glucose homeostasis59. The PPARα receptor is highly expressed in the liver, kidney, and 
heart, and fibrates decrease plasma lipid levels and induce hepatomegaly and hepatic peroxisome proliferation 
in a PPARα-dependent manner, as proven using a PPARα knockout mouse60. In addition, several differences 
in PPARα function between murine species and humans have been identified in PPARα expression, ligand 
activation, and biological responses, particularly its role in peroxisome proliferation in rats and mice but not 
humans61. Although fenofibrate-induced alterations are well elucidated in the mouse liver and to some extent 
in the rat liver, there are few studies that examined fenofibrate exposure in the rat kidney. Furthermore, the 
majority of these studies were conducted in mice to explore the protective role of fibrates in various liver and 
kidney diseases62–65. Therefore, in this study, using healthy rats under normal feeding conditions, we aimed to 
explore how fenofibrate regulates lipid metabolism and its potential to cause toxicity in the rat kidney compared 
to the liver by performing a high-throughput transcriptomics analysis. To this end, we explored gene expression 
data from rats that received either vehicle control or fenofibrate for 5 days, with fenofibrate concentrations per 
group (n = 4) ranging from low to high doses. We determined how fenofibrate exposure altered the rats’ body and 
organ weights, explored dose-dependent alterations in significant genes and pathways, and identified potential 
commonalities and differences in gene expression changes related to PPARα regulation across all dose levels.

The 5-day rat exposure data used in this study were collected for eight different concentrations of fenofibrate45, 
which allowed us to determine its effect across low and high dose levels. The selected low dose levels allowed us 
to examine fenofibrate-induced alterations that are relevant for human therapeutic doses, while the high dose 
levels can be useful to probe fenofibrate’s effect on the liver and kidney under overdose conditions. Consistent 
with previous studies, exposure to fenofibrate resulted in a dose-dependent enlargement of liver cells, leading 
to hepatocellular hypertrophy60, which we did not see in the kidney. Furthermore, we observed larger gene 
perturbations in the kidney at a lower fenofibrate concentration (31.25 mg/kg) than in the liver (62.50 mg/kg), 
indicating differential sensitivity to fenofibrate exposure (Fig. 2). However, based on the magnitude of the change 
in gene expression, most of these changes at low concentrations in the kidney were not biologically meaningful, 
and fenofibrate induced more gene perturbations in the liver than the kidney at higher dose levels, based on 
FC value thresholds. Furthermore, we observed several common biological pathways in lipid metabolism that 
were significantly upregulated upon high-dose fenofibrate exposure, indicating similarities between the liver 
and kidney (Fig. 3C). For example, we observed upregulation of the pathways for biosynthesis of unsaturated 
fatty acids, fatty acid degradation, PPAR signaling, fatty acid elongation, and peroxisome proliferation, which 
are known to be upregulated by fenofibrate-induced PPARα activation. However, differences in the magnitude of 
the perturbations for these pathways between the liver and kidney suggest potential subtle differences in PPARα 
regulation.

We compared the dose-dependent fenofibrate exposure data to identify potential similarities and differences 
in the magnitude of perturbations in PPARα target genes in the liver and kidney. Figure 8 summarizes the 
overall directionality of the changes in the genes regulated by PPARα for different cellular metabolic processes 
in the kidney and liver, including changes in PPARα and RXRα genes, lipoprotein metabolism, lipid transport, 
lipid synthesis, fatty acid oxidation, peroxisome proliferation, and gluconeogenesis. Since the tissue expression 
levels of PPARα are tightly connected to its function, we first compared how fenofibrate altered the expression 
of the PPARα and RXRα genes. Interestingly, we found the expression of these genes to be regulated in opposite 
directions, with consistent downregulation in the kidney and upregulation in the liver (Fig. 4A), indicating 
tissue-specific regulation of PPARα between the two organs in healthy rats under normal feeding conditions. 
Indeed, studies using primary cultures of human hepatocytes reported a marked upregulation of PPARα mRNA 
levels upon fenofibrate exposure, suggesting that PPARα positively autoregulates its own expression in the liver 
compared to the kidney66. We hypothesize that, in addition to tissue-specific regulation, the downregulated 
PPARα expression in the kidney can be associated with the subdued responses of its target genes to fenofibrate 
exposure.

In our study, we also observed some fundamental differences in the activation of PPARα by fenofibrate between 
the liver and kidney with respect to its therapeutic effect on lipoprotein metabolism. The hypotriglyceridemic 
action of fenofibrate involves a combined effect on Lpl and Apoc3 gene expression, resulting in increased 
lipolysis28,67. Consistent with literature studies, we observed increased Lpl gene expression and reduced 
expression of Apoc3, a natural inhibitor of Lpl activity, in the rat liver. However, we did not see any change in 
these genes in the kidney with fenofibrate (Fig. 8A), suggesting no effect of fenofibrate on kidney lipoprotein 
metabolism. Similarly, we also observed differences in HDL metabolism: the major HDL apolipoproteins, 
Apoa1 and Apoa2, were downregulated in the liver but unchanged in the kidney with fenofibrate. In contrast, in 
humans, fenofibrate increased the expression of these two genes, contributing to increased plasma HDL levels40, 
suggesting differences in fenofibrate activation between the species.

Lipid metabolism in the liver and kidney is comprised of four primary processes: uptake, synthesis, fatty 
acid oxidation, and ketogenesis68,69. Interestingly, we identified distinct effects of fenofibrate exposure on these 
processes between the rat liver and kidney and other species. For example, fatty acid uptake in the rat kidney is 
governed by the Fatp genes (Slc27a1 and Slc27a2) upon fenofibrate exposure (Fig. 8A), whereas it is controlled by 
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Fig. 8.  Summary of fenofibrate-induced alterations of lipid metabolism in the rat kidney and liver. Black, red, 
and green arrows indicate genes that showed no change, dose-dependent upregulation, and dose-dependent 
downregulation, respectively. Thick arrows indicate a stronger response with a higher fold-change value. 
BCAA, branched-chain amino acid; FAO, fatty acid oxidation; PPAR, peroxisome proliferator-activated 
receptor; RXR, retinoid X receptor; TGs, triglycerides; VLDL, very-low-density lipoprotein.
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multiple transport genes (Fatp, Cd36, and Fabp) in the rat liver, as reported in mouse and human liver studies70,71. 
In addition, indicating differences in the rate-limiting gene for fatty acid import into the mitochondria, we 
found that fenofibrate exposure upregulated the expression of the Cpt1b gene in the rat liver but upregulated the 
Cpt1a gene in mouse and human studies72. Furthermore, neither of these genes was affected in the rat kidney, 
indicating major differences in the fatty acid uptake mechanisms between the organs and species. However, we 
did observe similarities in several PPARα-governed fatty acid catabolism genes that can be rate limiting, e.g., 
the β-oxidation of peroxisomes (Acox, Ehhadh, and Acot), mitochondria (Acad and Acaa), and microsomes 
[cytochrome P450 family 4 subfamily A (Cyp4A)]. In addition, we also found similarities across the species 
and organs in the expression of ketogenic enzymes required to convert acetyl-CoA to ketone bodies (Hmgcs2) 
and in genes involved in de novo lipogenesis (Elovl6, Scd, and Fads1), including the gene sterol regulatory 
element binding transcription factor 1 (Srebf1), which regulates lipogenesis. We also observed similarities in 
upregulation of the gene Vanin-1 (Vnn1) that catalyzes the hydrolysis of pantetheine into pantothenic acid, 
which is a precursor in the synthesis of CoA. All of these genes were significantly upregulated in both the liver 
and kidney; however, they were expressed at a higher level in the rat liver, indicating a stronger response in the 
liver compared to the kidney.

Beyond the transcriptional regulation of genes involved in lipid metabolism, the PPARα agonist fenofibrate 
affects glucose and amino acid metabolism73–75. Several studies have shown that the expression of numerous 
genes involved in amino acid metabolism and urea synthesis was markedly decreased in the liver upon treatment 
with fibrates75. In our study, although some of the genes involved in these pathways were downregulated, the 
magnitude of the change was below the imposed FC threshold in both the liver and kidney. However, we 
observed that several genes in the BCAA degradation pathway were significantly upregulated in the liver but 
not in the kidney, indicating tissue-specific effects of fenofibrate exposure. Similarly, our study showed that 
the gluconeogenesis pathways were differentially regulated between the liver and kidney (Fig. 8), with genes 
involved in the production of glucose upregulated in the liver, including the conversion of glycerol to glucose, 
and either downregulated or unchanged in the kidney. In addition, we observed marked differences in histidine 
metabolism only in the liver. Particularly, we observed a more than six-fold change in Hdc, an essential gene 
in liver histidine metabolism that converts histidine to histamine. Previous studies demonstrated that Hdc 
expression increased with repeated fibrate administration and hypothesized that it could be involved in hepatic 
cell proliferation and hypertrophy induced by PPARα agonists76.

In addition to controlling peroxisomal fatty acid oxidation, fibrate-induced PPARα activation has been shown 
to cause massive peroxisome proliferation in rodents77. In our study, we observed substantial PPARα-mediated 
upregulation of peroxisomal division (Pex11 genes) and the antioxidant system in the rat liver compared to 
the kidney. Furthermore, our observations of a dose-dependent increase in absolute and relative liver weights 
at the end of the 5-day exposure confirm that fenofibrate exposure leads to increases in hepatocyte size due to 
peroxisome proliferation in the liver. In contrast, although fenofibrate induced the gene Pex11 in humans78, 
multiple studies reported no increase in hepatocyte size in humans, indicating species-specific functionalities 
associated with fenofibrate exposure42,61,79.

Finally, despite fenofibrate’s use in hyperlipidemia management and its therapeutic potential for various liver 
and kidney diseases80,81, its effects on hepatomegaly and liver regeneration as well as its mechanisms of action 
in liver and kidney injuries remain unclear44,82,83. In our study, we investigated fenofibrate’s potential to cause 
cellular degeneration or necrosis based on universal gene signatures identified for liver and kidney injuries57. Our 
results revealed that fenofibrate exposure clearly leads to liver necrosis and potential injury at high doses but may 
not induce cellular necrosis in the kidney in rats under normal feeding conditions. Indeed, our previous study 
showed that cellular degeneration was a highly activated injury phenotype for fenofibrate exposure, confirming 
its potential for hepatotoxicity in rats49. We hypothesize that excessive upregulation of fatty acid uptake and fatty 
acid oxidation in the liver leads to upregulated mitochondrial ATP generation via an upregulated TCA cycle 
and oxidative phosphorylation (Fig. 7A, B), which can result in excess mitochondrial superoxide and hydrogen 
peroxide production. This may result in cellular redox imbalance, leading to oxidative stress and cellular damage. 
In addition, we also observed a substantial increase in peroxisomal proliferation in the liver, which can also lead 
to excess hydrogen peroxide production that can contribute to lipid peroxidation. Our results indeed show that 
the genes responsible for programmed cell death, such as Bax, Cycs, Casp3, Casp7, and Casp8, were significantly 
upregulated at fenofibrate concentrations above 125 mg/kg (Fig. 7C), a potential transcriptomic inflection 
point, where the universal gene signatures indicated initiation of cellular necrosis in the liver (Fig. 7F). These 
results suggest that mitochondrial damage due to oxidative stress may be one of the mechanisms through which 
fenofibrate exposure leads to liver injury at high concentrations, which is likely a secondary manifestation of the 
pharmacological effects of fenofibrate that have been shown to be specific to rodents.

In conclusion, our results show dose-dependent alterations in lipid metabolism in the rat liver and kidney 
with fenofibrate exposure. The transcriptional changes identified in our study are largely consistent with 
fenofibrate’s effect on the activation of PPARα in rat liver and kidney metabolism. However, using our 5-day 
exposure study data, we identified some novel differences in fenofibrate’s action in the modulation of lipid 
metabolism between the liver and kidney. Particularly, our study revealed that fenofibrate differentially modulates 
the expression of PPARα and RXRα genes between the liver and kidney, which could explain the observed 
relatively lower magnitude of change in several lipid metabolism-related genes in the kidney compared to the 
liver. Furthermore, our observations of differences in cellular and mitochondrial fatty acid uptake, peroxisomal 
division and antioxidant systems, BCAA metabolism, histidine metabolism, and gluconeogenesis between the 
liver and kidney may play an important role in deciphering the beneficial effects of fenofibrate at low doses 
from its potential to cause liver injury at high dose levels. To the best of our knowledge, this is the first study to 
compare dose-dependent fenofibrate exposure data between the liver and kidney, provide a detailed summary 
of differences in PPARα-mediated regulation of liver metabolism, and identify potential mechanisms through 
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which fenofibrate may lead to liver injury at high concentrations. Therefore, our study provides an improved 
understanding of PPARα activation by its agonists and may help in designing future therapeutic developments 
targeted at modulating lipid metabolism in the liver and kidney.

Data availability
The datasets presented in this study are derived from the original study, which is openly available in the NCBI’s 
GEO database gene repository for rats under accession number GSM4415261. The derived datasets supporting 
the conclusions of this article will be made available by the authors on request.
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