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Abstract: The kidney is a vital organ that carries out significant metabolic functions in our body. Due
to the complexity of its role, the kidney is also susceptible to many disease conditions, such as acute
kidney injury (AKI) and chronic kidney disease (CKD). Despite the prevalence and our increased
understanding of the pathophysiology of both AKI and CKD as well as the transition of AKI to CKD,
no well-established therapeutics have been applied clinically to these conditions, rendering an urgent
need for a novel potential therapeutic target to be developed. In this article, we reviewed the function
of ketone bodies in some common kidney conditions, such as drug-induced nephrotoxicity, ischemia
and reperfusion injury, fibrosis development, diabetic kidney disease, kidney aging, hypertension,
and CKD progression. All the selected studies reviewed were performed in animal models by
primarily utilizing rodents, which also provide invaluable sources for future clinical applications.
Ketone bodies have shown significant renal protective properties via attenuation of oxidative stress,
increased expression of anti-inflammatory proteins, gene regulation, and a reduction of apoptosis of
renal cells. A physiological level of ketone bodies could be achieved by fasting, a ketogenic diet, and
an exogenous ketone supplement. Finally, the limitations of the long-term ketogenic diet were also
discussed.
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1. Kidney Functions and Diseases

The kidney is a vital endocrine organ involved in our body’s metabolic system [1]. For
instance, the kidney participates in regulating the blood pressure system through the renin–
angiotensin–aldosterone system (RAAS) by releasing renin stored in the juxtaglomerular
cell to initiate RAAS in response to a decrease in blood pressure [2]. The kidney also assists
in blood oxygen level monitoring by erythropoietin secretion, which also has a protective
function in many organs and multiple conditions, such as protection against ischemia and
reperfusion injury, hypoxia conditions, and oxidative damage induced by reactive oxygen
species [3,4]. Due to the variety and complexity of duties that the kidney bears, the kidney
is also susceptible to multiple disease conditions, which could harm the body as a whole.
Kidney disease is generally classified into two categories: acute kidney injury (AKI) and
chronic kidney disease (CKD) [5–7].

AKI is characterized by a sudden loss of kidney glomerular filtration rate within a
short period of time, ranging from a few hours to a few days [8]. AKI could cause an
accumulation of waste products in the blood and disrupts the electrolyte balance of the
system, which could cause fluid retention, leading to oliguria and an increase in serum
creatinine, which are important markers in AKI patients [9]. According to Kidney Disease:
Improving Global Outcomes, AKI can be diagnosed if serum creatinine increases more
than 0.3 mg/dL or 1.5 times baseline within 7 days, as well as less than 0.5 mL/Kg/h urine
output in 6 h [9]. Typically, AKI is classified into three categories: prerenal, intrinsic, and
postrenal [8,10,11]. Prerenal AKI is due to decreased renal perfusion and insufficient blood
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flow into the kidney, which could be caused by renal artery stenosis, heart failure, and
some common drugs, such as nonsteroid anti-inflammatory drugs (NSAIDs) and ACE
inhibitors [9]. Intrinsic AKI is due to a process within the kidney, which includes acute
tubular necrosis (ATN) and acute interstitial nephritis (AIN) [12]. ATN normally is localized
in proximal and distal tubules in the loop of Henle, which is caused by nephrotoxin or
ischemia of tubules [9]. AIN is a type of delayed hypersensitivity reaction induced by
drugs or streptococcus infections in the tubular and interstitial space. Postrenal AKI can
be due to an inadequate amount of urine leaving the kidney caused by benign prostatic
hyperplasia or kidney stones [9,13].

CKD is characterized by a persistent decrease in the glomerular filtration rate (GFR)
of less than 60 mL/min/1.73 m2 [14,15]. Some significant clinical presentations of CKD
include albuminuria, urine sediment abnormalities, electrolyte imbalance, other abnor-
malities detected by histology and imaging, and a history of kidney transplant [16,17].
There are multiple complications associated with CKD that could impact an individual’s
quality of life, including anemia, cardiovascular disease, mineral and bone disorders, and
malnutrition [18]. AKI could transit into CKD if left untreated. Although many studies
illustrate that multiple types of cells are involved in the progression from AKI to CKD, the
exact mechanism is still unclear [19]. In contrast to the high prevalence of AKI and CKD,
no well-established therapeutics have been used to treat these disease conditions.

2. Ketone Bodies

Ketone bodies are alternative sources of energy that the brain and other organs can use
when the body is in a prolonged fasting or starved state [20,21]. Generally, ketone bodies
refer to three biomolecules which include β-hydroxybutyrate, acetoacetate, and acetone
(Figure 1). Among these three molecules, acetone cannot be used and is exhaled via the
respiratory tract [22]. The ketogenesis process starts with fatty acid being broken down in
the liver to generate acetyl-CoA and ATP (Figure 2) [23], especially during the condition
when there is a high glucagon-to-insulin ratio that stimulates the β oxidation of fatty
acids [24]. As a result, an excessive amount of acetyl-CoA is produced and overwhelms the
oxidation ability of the citric acid cycle. Consequently, acetyl-CoA is converted to ketone
bodies. Following the enzymatic metabolism of thiolase, HMG-CoA synthase, and HMG-
CoA lyase, ketone bodies are synthesized in the liver and released into the bloodstream [25].
However, the liver and red blood cells cannot utilize ketone bodies as energy sources due
to the lack of succinyl CoA-3-oxaloacid CoA transferase (SCOT) which prevents ketone
bodies from being broken down before they reach other tissues and organs [25].
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After β-hydroxybutyrate and acetoacetate enter the circulation, they will be reuptaken
by other tissue cells via passive transport through monocarboxylate transporters 1 and
2 (MCT1, MCT2) for energy production purposes [26]. β-hydroxybutyrate is enzymati-
cally converted back to acetoacetate by mitochondrial 3-hydroxybutyrate dehydrogenase
(BDH 1) [26]. SCOT maintains the equilibrium between acetoacetate and acetoacetate-CoA
that is then cleaved by acetoacetyl-CoA thiolase into two molecules of acetyl-CoA for an
energy source [25,26]. A physiological level of ketone bodies has shown renal protective
effects via multiple pathways in a wide range of disease conditions, including AKI and
CKD as well as kidney aging in animal models [6,27–34]. With both endogenous ketone
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bodies during the fasting state and exogenous ketone bodies by ingesting a ketogenic diet
or β-hydroxybutyrate, the patient could satisfy the concentration requirement for the renal
protective effect to be activated [35–37].
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In addition to being a nonhepatic energy source, ketone bodies, in particular, β-
hydroxybutyrate, have unique signaling properties and biological functions [20,38,39].
As shown in Figure 3, β-hydroxybutyrate can serve as a direct antioxidant, can inhibit
the mitochondrial generation of reactive oxygen species (ROS), and can also serve as a
signaling molecule to upregulate transcriptional activities, leading to the expression of
cytoprotective proteins, such as HO-1, NQO1, SOD2, catalase, glucose-6-phosphate dehy-
drogenase (G6PD), and γ-glutathione-cysteine ligase modifier subunit (GCLM) (Figure 3).
The transcriptional factors involved in this upregulation by β-hydroxybutyrate have been
demonstrated to include FOXO1, FOXO3a, and Nrf2 [20] (Figure 3).

In this review article, we will focus on the renal protective properties of ketone bodies.
In particular, we will focus on selected animal models that are represented in the field of
ketone body protection in kidney disease, including AKI and CKD. The animal models
covered include sepsis-, paraquat- and cisplatin-induced AKI, ischemic kidney injury,
hypertension and CKD progression, diabetic kidney disease (DKD), and kidney aging
(Figure 4). All these animal models of kidney disease and aging have been widely explored
for understanding the pathophysiology of kidney disease and for testing the therapeutic
potentials of numerous natural and artificial compounds.
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2.1. Ketone Bodies in Sepsis-Induced AKI

Sepsis, as a life-threatening condition, is a major cause of AKI [40]. Animal models
of sepsis-induced AKI are often created by the use of lipopolyssaccharide (LPS), an outer
membrane component of gram-negative bacteria [41]. Indeed, LPS-induced septic AKI
is an excellent model for studying AKI pathology and testing AKI therapeutics [42–44].



Endocrines 2023, 4 240

A recent study by Soni et al. [45] demonstrated that exogenous ketone ester administra-
tion could ameliorate LPS-induced kidney injury in a mouse model, and the underlying
protective mechanisms of ketone ester is likely due to suppression of inflammatory and
stress-responsive proteins, including IL-6, ccl-2, and Nos2. Additionally, renal INOS, p-JNK,
and P-ERK were also decreased by ketone ester. Furthermore, ketone ester-treated mice
exhibited less inflammasome activation [45]. Therefore, ketone bodies are nephroprotective
in LPS-induced AKI.

It should be noted that while ketone bodies can be used to mitigate sepsis-induced
kidney injury, there might be a toxic threshold for the use of ketone bodies such as β-
hydroxybutyrate. Weckx et al. [46] have found that when the β-hydroxybutyrate dosage
was raised from 150 mg/day to 300 mg/day, the illness severity scores of the septic animals
reflected by muscle weakness doubled, and mortality of the animals increased from 30.45 to
87.5%. This study concludes that while 150 mg/day of β-hydroybutyrate is a safe dosage,
dosages beyond 180 mg/day would induce toxicity and compromise the therapeutic value
of β-hydroxybutyrate [46], at least in the mouse model that was used.

2.2. Ketone Bodies in Paraquat-Induced AKI

Paraquat (1,1-dimethyl-4-4-bipiridinium dichloride) is a widely used herbicide [47],
especially in developing countries. It has been reported that a high death rate is associated
with paraquat toxicity due to either accidental or intentional poisoning in mammals [48].
Paraquat rapidly distributes into tissues regardless of the route of administration, with the
highest concentration being observed in the kidney where it produces severe nephrotoxicity.
Impaired renal clearance of paraquat will result in an increased amount of plasma paraquat,
thereby causing tissue damage in other vital organs. Respiratory failure in paraquat-
induced AKI is responsible for most deaths triggered by paraquat [48]. Paraquat is reduced
by nicotinamide adenine dinucleotide phosphate (NADPH)-cytochrome P-450 reductase
to form free radicals [49]. β-hydroxybutyrate could rapidly cross the cell membrane and
peripheral tissues according to a study conducted by Wei et al. Such studies indicate
that β-hydroxybutyrate could be a potential therapeutic target for paraquat-induced toxic-
ity [34]. Indeed, a significant drop in BUN and serum creatinine in the treatment group was
detected compared to the paraquat-only group. Paraquat sharply decreased the levels of
SOD and catalase (CAT) in rats, whereas β-hydroxybutyrate increased the concentration for
both when compared to the control groups. A similar result was reported for glutathione
(GSH), which is also an antioxidant molecule. When the levels of SOD, CAT, and GSH
are low, the body has less capacity to fight against oxidative stress, and these decreases
were attenuated by β-hydroxybutyrate [34]. The concentration of malondialdehyde, a
byproduct of polyunsaturated fatty acid oxidation [50,51], was found to be decreased in
the condition of oxidative stress. β-hydroxybutyrate is also involved in the regulation
of the paraquat-induced apoptosis pathway by suppressing the concentration of three
apoptotic proteins, including caspase-3, caspase-9, and poly-ADP ribose polymerase [34].
β-hydroxybutyrate also increased the level of antiapoptotic protein Bcl-2 and decreased
the level of proapoptotic protein Bax as measured by western blot, leading to attenuated
paraquat toxicity [34]. β-hydroxybutyrate could also regulate the oxidative and inflamma-
tory response by regulating gene transcription factor NF E2-related factor 2 (Nrf2), which
can further activate the expression of endogenous cytoprotective proteins, such as HO-1
and NQO-1 [52,53]. Western blot assay indicated that β-hydroxybutyrate contributed to an
increase in transcription factor Nrf2, which was suppressed by the effect of paraquat [34].

It should be pointed out that paraquat-induced AKI may involve numerous mech-
anisms. For example, it has been reported in rats that paraquat-induced AKI may be
regulated by NF-KB and death-associated protein kinase (DAPK), leading to inflamma-
some activation [54]. However, whether this NF-KB and DAPK regulation of inflammasome
could be modulated by ketone bodies for AKI therapy has not been assessed [54].
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2.3. Ketone Bodies in Cisplatin-Induced AKI

Cisplatin is one of the first metal-based drugs used to treat cancer via DNA lesion
generation by purine interaction, resulting in the apoptosis of cancer cells [55]. How-
ever, cisplatin is also associated with many side effects across the body [56], in particular,
renal toxicity [57,58]. Mikami et al. have reported that β-hydroxybutyrate exhibits a re-
nal protective effect in cisplatin-induced AKI. Similar to the result in paraquat-induced
AKI, β-hydroxybutyrate decreased BUN and serum creatinine, indicating an improved
kidney function by β-hydroxybutyrate. The level of caspase-3 in human renal cortical
epithelial cells (HRCE), an apoptotic cysteine protease, was also significantly lower in the
group treated with β-hydroxybutyrate plus cisplatin compared to the group treated with
cisplatin alone. Additionally, the level of antiapoptotic protein Bcl-2 was increased, and
DNA damage marker p53 expression was decreased in the β-hydroxybutyrate treated
group [32]. Moreover, β-hydroxybutyrate not only significantly attenuated a cisplatin-
mediated decrease of HDAC 4/5/6 level and cisplatin-induced histone H3 acetylation
through HDAC-associated pathway [32] but also significantly attenuated cisplatin-induced
AMP-activated kinase (AMPK) phosphorylation, leading to further downregulation of
HDAC5 and the apoptosis pathway [32]. Beta-hydroxybutyrate has also been shown to at-
tenuate cisplatin-induced kidney injury by inhibiting NLRP3 inflammasome and oxidative
stress [59].

2.4. Ketone Bodies in Ischemic Kidney Injury

Ischemic kidney injury is defined as a transient interruption of normal blood flow to
the kidney, which could lead to an increase in oxidative stress, inflammation, and kidney
dysfunction [60–64]. It has been established that ketone bodies are nephroprotective in
ischemic kidney injury [65,66]. For example, when a ketogenic diet containing high fats,
moderate proteins, and very low carbohydrates was given to Wistar rats for 3 days followed
by ischemic surgery [33], less atrophied tubules and tubular degeneration, as well as hyaline
casts in the rats, were observed [33]. It was further found that the ketogenic diet increased
the activity of antioxidant enzyme SOD and glutathione peroxidases but not CAT after
ischemic and reperfusion (IR) injury in rats. The same study also found that the ketogenic
diet suppressed the concentration of proinflammation factors, such as tumor necrosis factor
alpha (TNFα), interleukin 6 (IL-6), and monocyte chemoattractant protein 1 (MCP1) [33].
These changes were related to less expression of nuclear factor kappa B (NF-κB) subunit
P50. Ketogenic diets also reduced the concentration of serum creatinine and BUN when
compared to the control diet group [33]. Sirius red staining indicated that a ketogenic diet
decreased IR-induced areas of fibrosis and western blots showed that fibrosis alpha smooth
muscle actin (αSMA) and fibronectin (FN) levels were both decreased by a ketogenic diet
when compared to the control diet group [33].

2.5. Ketone Bodies in Hypertension and CKD Progression

Hypertension is a well-known contributing factor to the progression of CKD [67], and
treatment to lower blood pressure could slow the progression of CKD as well as preserve
renal function [68]. When 20% 1,3-butanediol, a precursor of β-hydroxybutyrate [69], was
given to a group of female spontaneously hypertensive rats via drinking water, there was a
significant decrease in systolic blood pressure, diastolic blood pressure, and mean arterial
pressure after 9 weeks of 1,3-butanediol treatment along with an increased concentration of
β-hydroxybutyrate in the blood [30]. CKD progression markers were also assessed in this
experiment, including serum creatinine concentration, proteinuria level as well as renal
fibrosis, whereby all three markers had shown a significant decrease in the 1,3-butanediol-
fed rats group when compared to the control group, while excretion of KIM-1 and NGAL
remained unchanged [30]. Both proinflammation and anti-inflammation markers in the
kidney were also assessed in this study. There was an increased level of anti-inflammatory
cytokines, including IL-10, IL-2, and granulocyte-macrophage colony-stimulating factor
(GM-CSF), in renal cortex lysates in the 1,3-butanediol-treated group. Interestingly, 1,3-
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butanediol also mildly increased proinflammatory factors, including IL-18, IL-1β, IL-7,
TNFα, monocyte chemotactic protein-1 (MCP-1), and macrophage inflammatory protein-
3α, potentially due to the long-term treatment of 1,3-butanediol in this experiment [30].
Overall, this study provides some clues that ketone bodies could be utilized to delay CKD
progression by decreasing blood pressure in hypertension, lowering proteinuria and serum
creatinine levels as well as contributing to anti-inflammatory cytokine production [30].

2.6. Ketone Bodies in Diabetic Kidney Disease

Diabetic kidney disease (DKD) is a complication associated with diabetes mellitus and
is a leading cause of developing CKD [7,70,71]. Diabetic kidney disease is also responsible
for the development of decreased glomerular filtration rates, glomerulus hyperfiltration,
albuminuria, and end-stage renal failure which requires a kidney transplant for an individ-
ual to survive [72]. Ketone bodies have been shown to be beneficial for metabolic kidney
disease as selectively discussed below.

2.6.1. SGLT2 Inhibitor (SGLT2i) and Ketones

Excessive activation of the mechanistic target of rapamycin complex 1 (mTORC1)
has been associated with renal disease progression, whereby the suppression effect of 1,3-
butanediol and empagliflozin on mTORC1 was also examined [29]. When 1,3-butanediol
was given to high-fat diet-fed ApoE knockout mice, a significant increase in blood β-
hydroxybutyrate was observed, which was thought to contribute to less elevation in
plasma cystatin C, decreased mitochondrial morphological changes in proximal tubule
epithelial cells, decreased glomerular damage and tubular vacuolar formation, fibrosis, and
inflammation [29]. Additionally, similar results were also observed in the high-fat diet-fed
ApoE knockout mice treated with an SGLT-2 inhibitor, empagliflozin. Such results could
potentially explain how the mechanism of action of the SGLT-2 inhibitor contributed to
the renal protective effect in diabetic kidney disease [29]. The renal protective effect of
1,3-butanediol and empagliflozin was also assessed in nondiabetic 5/6 nephrectomized
rats; histology amelioration was detected in both podocytes and tubulointerstitial lesions
through inhibition of mTORC1 signaling in both podocytes and proximal tubule epithelial
cells, which agrees with the results observed in diabetic mice [29]. It should be pointed out
that in addition to preventing glucose reabsorption, SGLT-2 inhibitors may act by promoting
the use of ketone bodies in proximal tubular cells [73–76]. In a well-validated porcine model
of heart failure [77], SGLT2i could cause a metabolic shift in fuel utilization from glucose-
inefficient toward the consumption of ketone bodies [78]. In fact, this enhanced metabolic
utilization of ketone bodies by SGLT2i has also been confirmed in human patients [79].
Hence, this increased ketone body utilization in the kidney could explain the benefits of
SGLT2i for CKD patients [80,81] and quality of life [82]. These studies could also explain
why SGLT2 inhibitors are efficacious on patients independent of CKD status [83].

2.6.2. Ketone Bodies and Glomerular Podocyte Senescence

Ketone bodies can also attenuate the senescence response of glomerular podocytes
in diabetic kidney disease [84]. Fang et al. have reported that when streptozotocin (STZ)-
induced diabetic mice were given β-hydroxybutyrate via I.P. injection every other day
for 4 weeks, the Nrf2 response in podocytes was enhanced in the diabetic kidney, and
Nrf2 signaling was required for the mitigation of podocyte senescence and the protec-
tion of podocytes against diabetes-induced oxidative stress [84,85]. The authors also
found that GSK3β inhibition by β-hydroxybutyrate was also essential for podocytes senes-
cence mitigation and antioxidation, and there is likely a physical interaction between
β-hydroxybutyrate and GSK3β [84]. Regardless of the underlying mechanisms, the over-
all effects of β-hydroxybutyrate on Nrf2 activation and GSK3β was that STZ-induced
diabetic kidney injury was much attenuated as levels of albuminuria were significantly
decreased [84]. Additionally, SGLT2i’s cellular senescence mitigation in DKD by promoting
ketone body-trigged Nrf2 activation has also been independently reported by others [86].
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2.7. Ketone Bodies in Kidney Aging

Kidney aging results in a lesser amount of functional nephrons and kidney func-
tion [87,88], which could be affected by inflammation, autophagy, and redox stress [7,89,90].
Multiple factors could accelerate the aging process, especially diabetes, which could cause
complications, such as hypertension, inflammation, oxidative stress, and advanced glyca-
tion end products [91]. A study conducted by Kim et al. indicates that β-hydroxybutyrate
could potentially be a treatment plan for kidney-aging-related inflammation [31]. The
β-hydroxybutyrate treated group observed an increase in both MnSOD and CAT when
compared to the control group. Moreover, there was a decreased level of reactive oxygen
species and peroxynitrite, decreased mRNA levels for IL-1β, IL-6, and TNFα, enhanced
FoxO1 activation, and a decreased level of NF-κB phosphorylation. In the meantime, there
were increased interactions between FoxO1 and proliferator-activated receptor gamma coac-
tivator 1 alpha (PGC-1α), which may lead to attenuated aging-related inflammation [31].
Interestingly, β-hydroxybutyrate was also found to decrease the level of circulating insulin,
leading to attenuated activation of PI3K and Akt [31].

Of note, given that aging and age-associated disease can be retarded by caloric re-
striction [92–95], it has been reported that ketone bodies can mimic the effects of caloric
restriction [96–99]. This caloric restriction effect of ketone bodies has been linked to their
activation of the Nrf2 signaling pathway and/or the FOXO signaling pathway [98,99], as
shown in Figure 5. Therefore, it is not surprising that a ketogenic diet can mimic the effect
of caloric restriction and retards both AKI and CKD by attenuating renal oxidative stress
and inflammation in rats [33].
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3. Summary
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an increasing prevalence in recent years [100,101]. Kidney function can be easily disrupted
by drugs or toxicants, such as cisplatin [32] and paraquat [34]. Kidney function can also be
impaired by comorbid conditions, such as diabetes [29,102–104], hypertension [105,106],
thyroid hormone dysregulation [107], and epilepsy [108]. There are still a very limited
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number of therapies established to treat AKI and CKD besides traditional supportive
care [109], electrolyte management [110], dialysis [111], and transplantation [112]. More
experiments support the fact that ketone bodies have a renal protective effect through
their antioxidants and anti-inflammatory properties. Ketone bodies could be a potential
therapeutic regimen in clinical settings to treat a variety of kidney conditions as discussed
in this paper. Ketone bodies exert these antioxidants and anti-inflammatory effects when
appearing at physiological concentrations that can be achieved by fasting, a ketogenic diet,
or exogenous ketone supplements, such as β-hydroxybutyrate and 1,3-butanediol [35–37].
Figure 5 depicts and summarizes the pertinent mechanisms and molecular players involved
in ketone body renal protection discussed above.

Even though the ketogenic diet showed some distinct clinical benefits, such as amelio-
rating polycystic kidney disease [113], long-term treatments also raise concerns that the
ketogenic diet could cause acidosis, anemia, increased cardiovascular risk, and increased
oxidative stress [33,114]. A long-term ketogenic diet could also cause kidney stones, which
is detrimental to kidney function [115]. Therefore, more research is needed to elucidate the
comprehensive mechanisms of the ketone body renal protective effect and the potential
side effects of ketone body treatments.

4. Future Directions

In this article, we have discussed the protective roles of ketone bodies in animal
models of kidney disease. Most of the studies covered mainly focused on the cell sig-
naling properties of ketone bodies in kidney injury, which include activation of second
phase antioxidant defense systems involving transcriptional activation of Nrf2 and FOXO1.
All these signaling events converge on the decrease in cell death and the amelioration
of kidney injury. As redox imbalance between NADH and NAD+ and oxidative stress
are tightly linked in the pathology of kidney injury [7], the role of NADH/NAD redox
players and mitochondrial biogenesis and homeostasis in ketone body nephroprotection
will need to be comprehensively investigated in the near future. These redox players would
include those metabolic components involved in NADH generation and NAD+ regener-
ation, such as dihydrolipoamide dehydrogenase [116], mitochondrial complex I [4,117],
NADPH oxidases [118], and apoptosis-inducing factor [119]. Additionally, the role of
mitochondrial dynamics involving mitochondrial fusion and fission [120,121] in ketone
body nephroprotection will also need to be evaluated.
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