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Abstract 26 

Excess lipid accumulation is associated with obesity-related chronic kidney disease, but the mechanisms 27 

of fatty acid (FA) uptake have been poorly understood. To this end, we investigated how FAs are taken up 28 

by tubular epithelial cells (TECs) in mice by using in vivo FA tracing and histological methods. 29 

Immunohistochemistry showed that CD36, which is a well-known FA transporter, was abundantly 30 

expressed on the basolateral side of proximal TECs (PTECs). The uptake of 125I-BMIPP (a radiolabeled FA 31 

tracer) was significantly reduced in CD36-knockout kidneys at 1 min after injection. In vivo imaging with 32 

multiphoton microscopy revealed that BODIPY-C12 (a fluorescence-labeled FA tracer) accumulated on both 33 

the basolateral and apical sides of PTECs. Numerous lipid droplets accumulated in PTECs after accelerated 34 

lipolysis. Furthermore, PTEC-specific injury via diphtheria toxin (DT) injection in transgenic mice 35 

expressing the DT receptor resulted in a compensatory increase in lipid accumulation in downstream TECs. 36 

Importantly, urinary FAs were undetectable, even in mice and humans with remarkable albuminuria. Our 37 

data demonstrate that renal TECs take up FAs from blood (CD36-dependent) and primary urine (CD36-38 

independent) and can store excess FAs as neutral lipids. The results further show that renal tubules have 39 

hitherto largely unappreciated mechanisms by which the excretion of FAs into the urine is avoided.  40 
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Introduction 41 

Prevalent chronic kidney disease (CKD) parallels the epidemics of obesity and diabetes. Lipid 42 

accumulation in the glomeruli and tubular epithelial cells (TECs), as well as the resulting lipotoxicity, have 43 

been suggested to be associated with glomerulosclerosis and tubulointerstitial pathologies in animal models 44 

and human kidney diseases (Bobulescu, 2010, Wahl et al., 2016). The kidney is one of the most energy-45 

demanding organs. The resting energy expenditure of the kidney is the highest among organs, comparable 46 

to that of the heart (440 kcal/kg/day) (Gallagher et al., 1998). Two-thirds of the oxygen consumption for 47 

ATP synthesis is accounted for by fatty acid (FA) oxidation (Mount et al., 2015). FAs are supplied to the 48 

kidney as either albumin-bound FAs or as FAs released from the triacylglycerides (TGs) contained in TG-49 

rich lipoproteins, such as chylomicrons and very-low-density lipoproteins (Iso and Kurabayashi, 2017). 50 

The kidney requires a large amount of energy to reabsorb nutrients and small proteins in primary urine, as 51 

well as to regulate the balance of electrolytes, fluid volume, and acid-base homeostasis (Bhargava and 52 

Schnellmann, 2017). In particular, a considerable amount of ATP is consumed by Na+-K+ ATPases to 53 

generate ion gradients across the basolateral membrane in the proximal tubules (PTs), the thick ascending 54 

limbs of Henle’s loop (TALs), and the distal convoluted tubules (DCTs) (Soltoff, 1986, Tian and Liang, 55 

2021). Consistently, epithelial cells in these segments are rich in mitochondria for FA utilization (Bhargava 56 

and Schnellmann, 2017). However, despite the high demand for FAs, little is known about the route and 57 

molecular mechanisms underlying FA uptake in the kidney. 58 

In contrast to the mechanisms underlying FA uptake in the kidney, those mechanisms in the heart, 59 

muscle, and adipose tissues are well established. FA uptake in tissues is regulated by several crucial 60 

molecules, including lipoprotein lipase (LPL) and CD36 (Pi et al., 2018, Abumrad et al., 2021, Hasan and 61 

Fischer, 2021, Iso and Kurabayashi, 2021). At the luminal surface of capillary endothelial cells, LPL 62 

hydrolyzes the TGs contained in TG-rich lipoproteins in plasma, thus resulting in the liberation of FAs. 63 

Liberated FAs or albumin-bound FAs from adipose tissues are taken up by parenchymal cells via CD36, 64 

which is a single-chain membrane protein. Although lipid accumulation occurs in both the heart and the 65 

kidney during prolonged fasting, the mechanisms for each organ are distinct (Scerbo et al., 2017, Trent et 66 

al., 2014). Cardiac lipid droplets are dependent on LPL activity (Trent et al., 2014), whereas kidney TG 67 
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accumulation is highly associated with serum FA levels (but not LPL activity) (Scerbo et al., 2017). 68 

Importantly, in mice lacking LPL or CD36, lipid deposits are increased in the kidney but not in the heart, 69 

even during fasting (Scerbo et al., 2017, Trent et al., 2014). These findings strongly suggest that the kidney 70 

has unique and unrevealed mechanisms/molecules for taking up FAs and for depositing TG droplets. 71 

The majority of FAs in the plasma are carried by albumin. Recent studies have demonstrated that a certain 72 

amount of plasma albumin is passively filtered through the glomerulus, although the calculated filtration 73 

rate is very wide (ranging from 0.5–3.5 to 200 g/day) (Bobulescu, 2010, Dickson et al., 2014, Comper et 74 

al., 2008, Birn and Christensen, 2006). It has been reported that filtered albumin is reabsorbed by several 75 

candidate molecules, such as megalin and cubilin, which is a multiligand receptor complex located at the 76 

brush border of the apical membrane (Dickson et al., 2014). Together with albumin reabsorption via the 77 

megalin/cubilin complex, albumin-bound FAs may also be reabsorbed from the apical membrane. Thus, 78 

both albumin and albumin-bound FAs are suggested to be filtered through the glomerulus and reabsorbed 79 

from the apical membrane of proximal TECs (PTECs). However, little attention has been given to how FA 80 

uptake from the apical and basolateral sides is coordinated under physiological and pathological conditions. 81 

In this study, we addressed the issue of how FAs are taken up by tubular epithelial cells in mice lacking 82 

CD36 or in mice whose PTECs are conditionally injured upon diphtheria toxin injection. We also examined 83 

FA excretion in urine in PTEC-injured mice and CKD patients with massive proteinuria. Based on our 84 

results, we demonstrated three essential mechanisms. First, FAs are taken up from both the basolateral side 85 

via CD36 and the apical side independently of CD36. Second, lipid accumulation occurs along the structure 86 

of the nephron when serum FA levels are increased. Third, FAs in primary urine are completely reabsorbed 87 

while passing through the nephron, thus resulting in no detectable FAs in urine. Thus, renal tubules have 88 

elaborate mechanisms for taking up FAs and for avoiding FA excretion into the urine. 89 

 90 

Results 91 

Neutral lipids predominantly accumulate in the cortex of the 92 

kidney after prolonged fasting 93 
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Renal lipid accumulation is closely associated with an increase in serum FA levels (Scerbo et al., 2017). 94 

We first examined the relationship between serum FA levels and TG content in the kidney after fasting. 95 

Serum FA levels were elevated 16 and 24 h after fasting, accompanied by an increase in TG content in the 96 

kidney (Fig 1A). TG content in the kidney was positively associated with serum FA levels (Fig 1B), as 97 

reported (Scerbo et al., 2017). Oil red O staining revealed that neutral lipids predominantly accumulated in 98 

the cortex 16 h after fasting (Fig 1C). Thus, fasting-induced lipolysis results in TG accumulation in the 99 

kidney.  100 

 101 
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Neutral lipids accumulate in the kidney by enhanced lipolysis 102 

Adrenergic stimuli promote lipolysis, which leads to elevation of serum FA levels. After intraperitoneal 103 

administration (ip) of CL316,243, a β3 adrenergic receptor agonist, serum FA levels peaked at 30 min (Fig 104 

1D). Neutral lipid accumulation peaked at 4 h and decreased after that (Fig 1E). When lipid deposits were 105 

maximum, most were observed in the cortex and a lesser amount in the outer medulla (Fig 1F). Before and 106 

after the peak of lipid accumulation, lipid deposits were restricted to the cortex (Fig 1F, 1 h and 12 h). 107 

Importantly, lipid accumulation was transient and did not last for a long time (Figs 1E and 1F). These 108 

findings suggest that an excess amount of FAs is esterified as TGs when FA uptake exceeds FA combustion 109 

and that accumulated TGs are diminished after the FA supply becomes low. 110 

 111 

Identification of lipid-accumulating cells 112 
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Next, we attempted to identify lipid-accumulating cells by simultaneous executing ORO staining and IF 113 

by using cryosections from mice 4 h after CL316,243 ip (Fig 2A). Many lipid droplets were observed in 114 

LTL-positive and AQP4-negative PTECs (S1 and S2). Fewer lipids were detected in LTL and AQP4-115 

positive PTECs (S3), THP-positive TAL cells, and NCC-positive DCT cells. A pinkish color was marginally 116 

observed in AQP2-positive collecting duct (CD) cells (Fig 2A). When lipid accumulation was modest, 117 

accumulation was observed only in S1/S2 (Fig S1). The spatiotemporal distribution of lipid accumulation 118 

is summarized in Figure 2B. Thus, neutral lipid accumulation in S1/S2 precedes and exceeds that in the 119 

more distal nephron segments (S3/TAL/DCT). These findings raise an intriguing hypothesis that FAs for 120 

TG formation are mainly supplied from primary urine while passing through the nephron structure. 121 

 122 
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FAs are taken up from both circulating blood and primary 123 

urine: the visualization of FA uptake in vivo by multiphoton 124 

microscopy 125 

To explore how FAs are taken up by the kidney, in vivo live imaging by multiphoton microscopy was 126 

carried out with fluorescent BODIPY dodecanoic acid (BODIPY-C12). One minute after intravenous 127 

injection, BODIPY-C12 was detected in the peritubular capillary and basolateral membrane of PTECs (Fig 128 
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3A). The intensity of the BODIPY-C12 signal gradually increased throughout the cytosol in the late 129 

segments but not the early segments of PTs and peaked 10 min after injection (Figs 3A and S2A). In early 130 

segments of PTs, the relative intensity of BODIPY-C12 was higher in the brush border than in the cytosol 131 

10 min after injection, suggesting more FA uptake from the apical side (Figs 3A and S2A). The fluorescence 132 

intensity was always higher in the late segments than in the early segments of PTs (Figs 3A and 3B). These 133 

findings suggest that FAs are predominantly taken up from circulating blood by the late segments of PTs 134 

during the early phase after injection, while they are supplied from primary urine in the early segments 135 

during the late phase. The time lag of FA uptake between the basolateral and apical membranes could be 136 

attributed to the limited glomerular sieving of FAs conjugated with albumin. 137 

 138 

CD36 plays an important role in FA uptake from blood in the 139 

kidney 140 

To study the involvement of CD36 in FA uptake in the kidney, we first explored the precise distribution 141 

of CD36 expression. Interestingly, CD36 was abundantly expressed in the basolateral membranes of late 142 

segments of PTs but not in the early segments (Figs 4A, 4B, S3A, and S3B), suggesting that CD36 could 143 

play a role in FA uptake from the peritubular capillary in the late segments of PTs. The specificity of CD36 144 

was confirmed using CD36KO kidneys (data not shown). We next assessed the uptake capacity of FAs and 145 

glucose by two lipid-consuming organs, the heart and the kidney, in CD36-/- (CD36KO) mice by using 125I-146 

BMIPP and 18F-FDG in the fasted and refed states. As reported previously, 125I-BMIPP uptake was 147 

markedly reduced with a compensatory increase in 18F-FDG uptake in CD36KO hearts in the fasted state 2 148 

h after the injection (Fig S4A). However, 125I-BMIPP uptake was even higher in CD36KO kidneys than in 149 

WT kidneys, with no significant change in 18F-FDG uptake (Fig S4A). These findings suggest that CD36-150 

dependent FA uptake from the basolateral membrane might be compensated by CD36-independent FA 151 

uptake from the apical membrane after glomerular filtration. We next estimated FA uptake at the earlier 152 

phase to minimize the influence of FA uptake from the apical side. Although blood levels of 125I-BMIPP at 153 

1 min were much higher in CD36KO mice, the uptake at 1 min was comparable between WT and CD36KO 154 

kidneys (Fig S4B). We further perfused the mice with phosphate-buffered saline to minimize the remaining 155 
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blood in the kidneys and found that 125I-BMIPP uptake at 1 min was significantly lower in CD36KO kidneys 156 

than in WT kidneys (Fig 4C). A reduction in 125I-BMIPP uptake at 1 min in CD36KO kidneys was also 157 

confirmed by autoradiography, while the uptake at 30 min was comparable (Fig 4D). We next assessed the 158 

effects of fasting and CL316,243 ip on TG accumulation. TG content in the kidney was similarly elevated 159 

in both WT and CD36KO mice 16 h after fasting, although serum FA levels were significantly higher in 160 

CD36KO mice than in WT mice (Fig 4E). It is plausible that a reduction in NFFA supply from blood due 161 
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to CD36 deficiency is compensated by increased supply from primary urine due to higher levels of serum 162 

FAs. Interestingly, an increase in TG content in the kidney by CL316,243 ip in WT mice was diminished 163 

in CD36KO mice despite a similar elevation of serum FAs (Figs 4F and S4C). The reduced TG content in 164 

CD36KO kidneys treated with CL316,243 could reflect a reduction in FA uptake from the blood. Thus, FA 165 

uptake from blood is reduced in CD36KO kidneys, and the reduction is masked by compensatory FA uptake 166 

from primary urine in most cases. Collectively, our data strongly suggest that CD36 plays a role in FA 167 

uptake from blood in the kidney. 168 

 169 

FAs in primary urine are reabsorbed by renal tubules 170 

independently of megalin 171 
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We next studied whether the lack of megalin in PTECs affects lipid reabsorption in the kidney. As 172 

reported previously (Weyer et al., 2011), megalin KO mice exhibited marked albuminuria (Fig 5A). 173 

However, FAs were undetectable in urine (Fig 5A), suggesting the complete reabsorption of FAs from 174 

primary urine by a megalin-independent process. We further explored the TG content and distribution 175 

pattern in the kidney in megalin KO mice 4 h after CL316,243 ip, which was comparable to those in WT 176 

mice (Figs 5B and 5C). Thus, it is suggested that FAs in primary urine are reabsorbed by renal tubules 177 

independent of albumin reabsorption mediated by megalin. 178 

 179 

PT injury causes lipid accumulation in the downstream 180 

nephron segments 181 
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As shown above, S1/S2 of PT are the major sites of FA uptake and TG storage. We next questioned 182 

whether PT injury affects FA uptake and TG accumulation. To address this issue, we employed PT-specific 183 
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injury (PTi) mice by a system with diphtheria toxin (DT) injection and PT-specific overexpression of the 184 

DT receptor. The injury is more severe in S1/S2 than in S3 due to the difference in DT-R expression levels 185 

(Takaori et al., 2016). Marginal lipid accumulation was observed in the cortex in PTi mice without treatment 186 

(Fig 6A), suggesting a reduction in FA combustion relative to FA uptake. Four hours after CL316,243 ip, 187 

lipid accumulation in S3 was enhanced in addition to that in S1/S2 in PTi mice (Figs 6A and 6B). Neutral 188 

lipids also accumulated in subsequent segments, such as the TAL, DCT, and cortical CD (Figs 6C and S5). 189 

TG content was increased in PTi mice compared to control mice without CL316,243 ip (Fig 6D), which is 190 

consistent with marginal lipid accumulation in the cortex (Fig 6A). TG content in the kidney was 191 

comparable between control and PTi mice after CL316,243 ip (Fig 6D). These findings suggest that FA 192 

uptake and esterification were disturbed in PTECs in PTi mice and that FAs not taken up by S1/S2 were 193 

reabsorbed and stored by the subsequent nephron segments. We further found that PTi mice exhibited 194 

remarkable proteinuria, probably due to glomerular and PT injuries (Fig 6E). However, despite remarkable 195 

albuminuria, FAs were undetectable in PTi mice (Fig 6E). Taken together, these results show that it is very 196 

likely that S3/TAL/DCT/cortical CD also has a large capacity to completely reabsorb FAs in primary urine 197 

and store them as TG droplets independent of albumin reabsorption when PTs are injured. 198 

 199 

Urinary FAs are undetectable in patients with massive 200 

proteinuria and/or deteriorating kidney function 201 
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We next measured FAs in urine in patients with massive proteinuria and/or CKD G4–G5 (Figs 7 and S6). 202 

FAs and long-chain FAs, such as oleic acid (18:1), linoleic acid (18:2), and arachidonic acid (20:4), were 203 

nearly undetectable in urine in any patients with various levels of proteinuria and estimated glomerular 204 

filtration rates (eGFRs). These findings indicate that nearly all albumin-bound FAs filtered into primary 205 

urine are reabsorbed by renal tubules independent of albumin, even in patients with severe kidney diseases. 206 

 207 

 208 

Discussion 209 
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In the present study, we demonstrated three important findings. First, FAs are not only taken up from the 210 

basolateral membrane at least partially via CD36 (or blood) but are also partially reabsorbed from the apical 211 

membrane (or primary urine) independent of CD36. FA reabsorption from the apical side was enhanced by 212 

the elevation of the serum FA concentration (Fig 8). Second, neutral lipid accumulation occurs from the 213 

proximal site of the nephron (S1/S2) when serum FA levels are increased via accelerated lipolysis. In 214 

addition, the downstream nephron segments can store excess FAs as TG droplets when PTECs are 215 

specifically injured. Third, albumin-bound FAs in the primary urine are completely reabsorbed by the 216 

nephron, thus resulting in no detectable FAs in urine, even in acute PTEC injury model mice with overt 217 

proteinuria and in humans with massive proteinuria and/or deteriorated kidney function. We discuss each 218 

point of these findings and related issues in detail below. 219 

 220 

Bidirectional FA uptake in the kidney 221 

FA uptake from the basolateral membrane (blood) is supported by the following two findings. First, 222 
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BODIPY-C12 was first detected in the peritubular capillary and basolateral membrane in the late segment 223 

of PTECs. Second, CD36 is abundantly expressed in the basolateral membrane of PTECs, and 125I-BMIPP 224 

uptake was reduced in CD36KO mice shortly after its injection. The same distribution pattern as CD36 was 225 

also observed in LPL (Nyren et al., 2019). This finding suggests that FAs liberated from lipoproteins after 226 

lipolysis also seem to be taken up from the blood. Previous studies have reported that CD36 and LPL are 227 

not involved in FA uptake in the kidney (Scerbo et al., 2017), but those data could be due to masking via 228 

compensatory FA reabsorption from the primary urine. 229 

FA uptake from the apical membrane (primary urine) is supported by the following four findings. First, 230 

BODIPY-C12 accumulation was present in the brush border of PTECs, especially in the early segment of 231 

the PTs. Second, TGs accumulate even in S3/TAL/DCT when a large amount of TGs is detected in the 232 

kidney. TGs also accumulate in S3/TAL/DCT/cortical CD when PTECs are specifically injured. These 233 

findings suggest that FAs that are not reabsorbed in S1/S2 are reabsorbed and stored as TGs in the 234 

subsequent nephron segments. Third, the reduction in 125I-BMIPP uptake in CD36KO kidneys shortly after 235 

intravenous injection disappeared in the late phase, which could be due to compensatory reabsorption from 236 

the primary urine (Fig 8). Fourth, there were no detectable FAs in the urine in megalin KO and PTi mice, 237 

despite prominent proteinuria. Likewise, there were no detectable FAs in the urine in patients with massive 238 

proteinuria and/or deteriorated kidney function. These findings suggest that abundant FAs bound to albumin 239 

in the primary urine are completely reabsorbed from the apical membrane throughout the entire nephron. 240 

Thus, it is very likely that FAs are taken up from both apical and basolateral membranes in the kidney. 241 

 242 

Molecular mechanism of FA reabsorption from primary urine 243 

  Previous studies suggested several candidate molecules that might play a role in FA uptake from primary 244 

urine. These candidate molecules include megalin, fatty acid transport protein 2 (FATP2), and acyl-CoA 245 

synthetase long chain family member 1 (ACSL), whose expression is abundant in PTECs (Christensen et 246 

al., 2012, Khan et al., 2014, Khan et al., 2018). In this study, we excluded the possibility of megalin as a 247 

candidate to regulate FA reabsorption. Ex vivo studies have reported that FATP2 plays a role in FA 248 

absorption from the apical side (Khan et al., 2018). ACSL1 is expressed below the apical membrane and 249 

has acyl-CoA synthase activity, which may affect FA uptake from the apical side (Khan et al., 2014). It is 250 
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warranted to examine whether FATP2 and ACSL1 play a role in FA uptake from primary urine in vivo. 251 

 252 

Renal lipid accumulation by elevation of serum FA levels is 253 

mediated by increased FA concentration in primary urine but 254 

independent of albumin reabsorption 255 

When serum FA levels were increased, lipid droplets appeared in S1/S2, followed by S3, TAL, and DCT. 256 

A close association between serum FA levels and TG accumulation has been previously reported (Scerbo 257 

et al., 2017). It is also well known that a certain amount of plasma albumin is filtered through the 258 

glomerulus, even in intact kidneys (Bobulescu, 2010, Dickson et al., 2014, Comper et al., 2008, Birn and 259 

Christensen, 2006), which was confirmed by examining urinary albumin in megalin KO mice in this study. 260 

Indeed, BODIPY-C12 accumulation was present in the brush border of PTECs, thus strongly suggesting the 261 

filtration of albumin-bound FAs into the primary urine. Thus, it is conceivable that FA levels in primary 262 

urine are proportional to albumin-bound FA levels in serum. Lipid droplets were also observed in megalin 263 

KO mice with defective albumin reabsorption, thus suggesting that FA uptake from the primary urine is 264 

independent of megalin and albumin reabsorption. When PTECs were injured by the DT/DT-R system, 265 

lipid droplets in the downstream nephron segments (S3/TAL/DCT/cortical CD) were increased, thus 266 

suggesting that FA reabsorption in these segments is also dependent on the concentration of FAs in the 267 

primary urine but independent of megalin and albumin reabsorption. Moreover, lipid droplets were barely 268 

detected in tDL/tAL/medullary CD, even when lipid accumulation reached a maximum value. These 269 

segments are believed to not consume FAs as the main energy substrate (Soltoff, 1986, Tian and Liang, 270 

2021). Thus, we suggest that lipid accumulation primarily occurs in FA-dependent segments, such as PTs, 271 

TALs, and DCTs, when FA levels are elevated in the primary urine. 272 

 273 

TG accumulation is mainly caused by suppressed FA oxidation 274 

and/or excess FA supply in injured kidneys 275 

TG accumulation is increased in both uninjured and injured kidneys. Acute and chronic kidney injuries 276 
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are thought to cause mitochondrial dysfunction, thus resulting in reduced FA oxidation (Bhargava and 277 

Schnellmann, 2017). Modest TG accumulation appeared in the kidney in PTi mice without CL316,243 278 

administration (Figs 6A and 6D), which is presumably due to suppressed FA oxidation. Lipid accumulation 279 

in injured segments was enhanced by CL316,243 administration (Fig 6D), thus suggesting TG 280 

accumulation via both suppressed FA oxidation and increased FA uptake. Similar TG accumulation is also 281 

reported in mouse kidneys with many pathological situations, such as sepsis and ischemia–reperfusion 282 

injury (Zager et al., 2005, Tannenbaum et al., 1983, Kang et al., 2015), which further supports the notion 283 

that reduced FA oxidation causes lipid accumulation. In acute kidney injury models, it has also been 284 

suggested that phospholipase A2, which is an enzyme that hydrolyzes membrane phospholipids to release 285 

arachidonic acids, is involved in TG accumulation (to a certain degree) (Zager et al., 2005). Taken together, 286 

it is plausible that TG accumulation in injured kidneys is caused by a combination of suppressed FA 287 

oxidation in tubular cells, increased FA supply from the blood/primary urine, and FAs derived from injured 288 

plasma membranes. It is necessary to determine the contribution of each factor to lipid droplet formation 289 

in different pathophysiological situations. 290 

 291 

Is TG accumulation a cause of kidney injury? 292 

There is increasing evidence showing the association between lipid accumulation and renal dysfunction in 293 

animal models, as described above. In general, excessive intracellular FAs can be converted into toxic 294 

metabolites, such as ceramide and diacylglycerol, under diseased conditions, which is believed to induce 295 

cellular damage and mitochondrial dysfunction (Bobulescu, 2010). However, it is still controversial as to 296 

whether TG accumulation is a direct cause of kidney injury. There are both pros and cons for the thesis. 297 

Pros: Renal dysfunction that is induced by several models, including unilateral ureteral obstruction, 298 

diabetes, and the administration of toxic reagents, was alleviated in mice with reduced FA utilization via 299 

the genetic deletion of CD36 and FATP2 (Okamura et al., 2009, Yang et al., 2017, Khan et al., 2018, Khan 300 

et al., 2020). Likewise, the antagonism of CD36 by the 5A peptide prevented chronic kidney disease 301 

progression in mice (Souza et al., 2016). These findings suggest that lipid overload exacerbates kidney 302 

injuries induced by other etiologies and can act as a facilitator of kidney injuries. 303 

Cons: Although TG often serves as a measurable indicator of lipid overload, TG is not considered toxic per 304 
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se. Overnight fasting induces a marked increase in TG accumulation with reduced levels of ceramide 305 

(Scerbo et al., 2017). In addition, a high-fat diet alone exerts TG accumulation in the kidney without overt 306 

renal dysfunction in mice (Jiang et al., 2005, Yang et al., 2017), which is supported by the rare occurrence 307 

of obesity-related glomerulopathy in humans, despite its high prevalence of obesity (Kambham et al., 308 

2001). Furthermore, tubular epithelial cell-specific CD36 overexpression leads to marked lipid 309 

accumulation (but few profibrotic changes) in mouse kidneys (Kang et al., 2015). These findings suggest 310 

that TG accumulation alone is not harmful to the kidney. In humans and animals, renal fibrosis with TG 311 

accumulation is associated with defective FA oxidation (Kang et al., 2015). Indeed, pharmacological 312 

interventions for stimulating FA oxidation were found to ameliorate renal fibrosis (Kang et al., 2015). These 313 

findings suggest that accumulated TG results from reduced FA oxidation via kidney injury and is not a 314 

cause of injury. 315 

  The lipotoxicity hypothesis regarding the heart is also under debate (Iso and Kurabayashi, 2021, Ritterhoff 316 

et al., 2020, Kenny and Abel, 2019, Jia et al., 2018, Schulze et al., 2016). The modulation of FA uptake in 317 

the heart has exhibited both positive and negative effects on cardiac dysfunction in various disease models 318 

(Koonen et al., 2007, Yang et al., 2007, Umbarawan et al., 2018b, Umbarawan et al., 2018a, Umbarawan 319 

et al., 2020, Umbarawan et al., 2021, Steinbusch et al., 2011, Sung et al., 2017). Thus, further studies are 320 

needed to clarify whether accumulated TG is a cause or a result (a beneficial or negative factor) for the 321 

development of overnutrition-associated kidney diseases. 322 

 323 

Physiological significance of undetectable FAs in urine 324 

Our data highlight the robust capability of TECs to reabsorb FAs. In humans and animals with massive 325 

albuminuria, abundant FAs bound to albumin should also exist in the primary urine. However, to the best 326 

of our knowledge, there have been no studies reporting obvious FAs in the urine. This is in significant 327 

contrast to readily detectable proteinuria and glucosuria conditions that are observed in kidney diseases and 328 

diabetes. Although the term lipiduria exists, this term only means urine containing lipoprotein-rich 329 

sediments (but not FA-rich urine) (Blackburn et al., 1998). TGs are the most suitable form for long-term 330 

energy storage and supply among various energy substrates. There are many advantages concerning the use 331 

of FAs and TGs for systemic energy homeostasis for survival (e.g., a large capacity for TG storage in the 332 
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body, long-term energy supply, highest energy production per weight, and materials for ketogenesis). Serum 333 

FAs are provided from TGs via lipolysis, which is enhanced by adrenergic stimuli, such as fasting, exercise, 334 

and cold. Our findings of no detectable FAs in the urine, even in diseased kidneys, suggest that the kidney 335 

plays an important role in the regulation of systemic metabolism via complete reabsorption for preventing 336 

lipid loss. Together, we propose that the kidney acts not only as a FA-consuming tissue but also as a FA-337 

keeping tissue (or as a thrifty tissue that completely reabsorbs FAs from primary urine) for unwasted energy 338 

use against life-threatening conditions, such as starvation and cold. 339 

 340 

Materials and methods 341 

Animal models 342 

CD36-deficient (CD36KO) mice with a C57BL/6J background were generated as described previously 343 

(Putri et al., 2015). Cre-inducible diphtheria toxin receptor (iDTR) mice were purchased from The Jackson 344 

Laboratory (Buch et al., 2005) (Bar Harbor, ME). Ndrg1CreERT2/+ mice (Endo et al., 2015) were crossed with 345 

iDTR mice to generate Ndrg1CreERT2/+:iDTR mice. The proximal tubule injury (PTi) model was produced as 346 

described previously (Takaori et al., 2016). In brief, 0.15 mg/g body weight tamoxifen (T5648, Sigma–347 

Aldrich, St. Louis, MO) was intraperitoneally administered to Ndrg1CreERT2/+:iDTR mice for 5 consecutive 348 

days (Higashi et al., 2009). Three to four weeks later, 25 ng/g body weight diphtheria toxin (Sigma–Aldrich, 349 

St. Louis, MO) was intraperitoneally administered to the mice. PT-specific megalin KO mice 350 

(Ndrg1CreERT2/+:megalinfl/fl) with the C57BL/6J background were generated as described elsewhere 351 

(Kuwahara et al., 2016). To delete the megalin gene in adulthood, 175 mg/kg body weight tamoxifen 352 

dissolved in sunflower oil/ethanol (11:1) (17.5 mg/mL) was gavaged to mice for 5 days a week at the age 353 

of 7 and 9 weeks. These mice were housed in a temperature-controlled room (20–26 °C) with a 12-h 354 

light/12-h dark cycle and given unrestricted access to water and standard chow (CE-2, Clea Japan, Inc.). 355 

Littermates were used as controls for all studies. Mice were euthanized using 2% isoflurane and cervical 356 

dislocation. Male mice aged 7–12 weeks were used to avoid estrogen cycle-related confounding effects. 357 

All mouse strains used in this study were backcrossed to C57BL/6J mice for at least three generations. 358 

To induce lipolysis, 3 adrenergic receptor agonists, CL316,243 (TOCRIS No. 1499), were 359 
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intraperitoneally injected into mice at a dose of 1 mg/kg. 360 

 361 

Histological study and immunostaining 362 

The kidneys were fixed with 4% paraformaldehyde or Carnoy solution (ethanol: chloroform: acetic acid 363 

= 6:3:1) and embedded in paraffin. Immunohistochemistry (IHC) or immunofluorescence (IF) was 364 

performed with the following antibodies and lectin: CD36 (Abcam, ab124515, rabbit polyclonal); 365 

Aquaporin1 (AQP1), AQP2, and AQP4 (affinity-purified rabbit antibody (Matsuzaki et al., 2009)); Na+-Cl- 366 

cotransporter (NCC) (Chemicon, AB3553, rabbit polyclonal); Tamm-Horsfall protein (THP) (Santa Cruz, 367 

sc-19554, goat polyclonal); and Lotus Tetragonolobus Lectin (LTL) Fluorescein (Vector, FL-1321). Nuclei 368 

were stained with hematoxylin for IHC or 4′,6-diamidino-2-phenylindole (DAPI) for IF. 369 

To assess neutral lipid accumulation, fresh unfixed kidneys were embedded in Tissue-Tek OCT compound 370 

(SAKURA, 83-1824, Japan) and sliced using a CM3050S cryostat (Leica, Germany). Eight-micrometer 371 

cryosections fixed with 4% paraformaldehyde for 10 min were stained with oil-red O. To identify lipid-372 

accumulating cells, simultaneous fluorescent analysis was performed with LTL fluorescein and several 373 

antibodies to detect the nephron structure. 374 

All images were obtained with a BZ-9000 fluorescence microscope (Keyence, Osaka, Japan) 375 

 376 

In vivo imaging of BODIPY-C12 FAs with multiphoton 377 

microscopy 378 

In vivo imaging with multiphoton microscopy was performed as described previously (Nakano et al., 379 

2015). A fluorescence-labeled medium-chain FA tracer, 4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-380 

indacene-3-dodecanoic acid (BODIPY-C12, Invitrogen D3835), was dissolved in 100% ethanol and 381 

conjugated to 10% bovine serum albumin. After an overnight fast, BODIPY-C12 was injected intravenously 382 

via the cervical vein at a dose of 150 nmol/mouse, and in vivo imaging was performed for 30 min using an 383 

Olympus FV1000MPE multiphoton confocal fluorescence imaging system (Olympus, Tokyo, Japan). 384 

 385 
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Lipid extraction and measurement 386 

Lipids were extracted from tissues with the modified Folch method (Folch et al., 1957). In brief, 40 mg 387 

of tissue was homogenized in 800 μl of chloroform/methanol (2:1) and centrifuged for 15 min at 12,000 g 388 

at room temperature. One hundred forty microliters of distilled water were added to 700 μl of the 389 

supernatant and vortexed. After centrifugal separation for 20 min at 18,000 g at room temperature, the lower 390 

organic phase was collected and blown dry with nitrogen gas. The dried lipid was dissolved with 50 μl of 391 

isopropanol. TGs (Triglyceride E-test, Wako Chemical, Osaka, Japan) and FAs (NEFA C-test, Wako 392 

Chemical) were measured according to the manufacturer’s protocols. 393 

 394 

Biodistribution of 125I-BMIPP (15-(p-iodophenyl)-3-(R,S)-395 

methyl pentadecanoic acid) and 18F-FDG (2-396 

fluorodeoxyglucose) 397 

The biodistribution of 125I-BMIPP and 18F-FDG was determined as described previously (Coburn et al., 398 

2000, Hajri et al., 2002). Mice received intravenous injections of 125I-BMIPP (5 kBq) and 18F-FDG (100 399 

kBq) via the lateral tail vein in a volume of 100 μL. 125I-BMIPP was a gift from Nihon Medi-Physics Co. 400 

Ltd., and 18F-FDG was obtained from batches prepared for clinical PET imaging at Gunma University. The 401 

isolated tissues were weighed and counted in a well-type gamma counter (ARC-7001, ALOKA). When 402 

blood removal was necessary, mice were perfused with 10 mL PBS before tissue isolation. The data are 403 

expressed as % injected dose/gram (%ID/g). Autoradiography for 125I-BMIPP was performed with a 1 mm 404 

slice of unfixed kidney and an imaging plate (BAS-MS2025, Fujifilm, Tokyo, Japan). 405 

 406 

Human samples 407 

 Twenty-eight serum and urine samples that were collected at Gunma University Hospital between October 408 

2011 and March 2018 were used for lipid measurements. They included samples from 9 patients with 409 

massive proteinuria (urine protein/creatinine > 2.0 g/gCr), 9 with chronic kidney disease (CKD) glomerular 410 

filtration rate (GFR) categories 4 or 5 (G4–G5: GFR < 29 mL/min/1.73 mm2), and 10 with normal kidney 411 
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function (GFR > 60 mL/min/1.73 mm2 without hyperproteinuria). FAs (NEFA-HR, Wako Chemical), TGs 412 

(Triglyceride kit L-type TG-M, Wako Chemical), and total cholesterol (Cholesterol kit L-type CHO-M, 413 

Wako Chemical) were measured according to the manufacturer’s protocols. Nonesterified fatty acid species 414 

were measured using a triple quadrupole mass spectrometer coupled with a liquid chromatography (LCMS-415 

8050 system, Shimadzu). Fatty acids were extracted from serum and urine in chloroform/methanol (2/1). 416 

After centrifugation, the lower organic phase was collected and dried with nitrogen gas and then 417 

resuspended in 80% methanol. The extract was separated on a reversed-phase C18 column (Mastro C18, 418 

2.1 mm × 150 mm, 3 μm, Shimadzu) by using a gradient of solvents A (10 mM ammonium acetate in water) 419 

and B (acetonitrile) with a flow rate of 0.25 ml/min. The initial solvent composition was 80% B, and the 420 

following solvent gradient was applied: 80% B for 2 min, increased linearly to 98% from 2 to 12 min, held 421 

at 98% B for 5 min, then returned to 80% B and maintained for 5 min. The column was maintained at 40 °C. 422 

The separated analytes were ionized by electrospray 423 

ionization and then measured by mass spectrometry in selected reaction monitoring (SRM) mode. The SRM 424 

transitions for the analytes were m/z 281.2 > 281.2 [M –H]– for oleic acid, m/z 279.2 > 279.2 [M –H]– for 425 

linoleic acid, and m/z 303.2 > 303.2 [M –H]– for arachidonic acid. The peak height of each fatty acid was 426 

applied to the standard curve made for each fatty acid species for quantification. 427 

 428 

Statistical analysis 429 

Statistical analysis was performed with GraphPad Prism 8 software. The data are presented as the mean 430 

± standard deviation. Student’s t test was performed for 2-group comparisons. One-way analysis of variance 431 

(ANOVA) with Tukey post hoc multiple comparison tests was carried out for 3-group comparisons. Two-432 

way ANOVA was used to analyze the effects of genotype (Control vs. CD36KO, megalin KO, PTi mice), 433 

treatments (fasted, refed or CL316,243), and their interaction. A p value < 0.05 was considered to be 434 

statistically significant. *p<0.05, **p<0.01, ***p<0.001: main effect for genotype. #p<0.05, ##p<0.01, 435 
###p<0.001: main effect for treatments. †p<0.05, ††p<0.01, †††p<0.001: interaction between genotype and 436 

treatments. 437 

 438 

Study approval 439 
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 All animal studies were approved by the Institutional Animal Care and Use Committee (Gunma University 440 

Graduate School of Medicine, approval number: 19-014 and 20-055) and conformed to the NIH guidelines 441 

(Guide for the Care and Use of Laboratory Animals). The human study was approved by the Institutional 442 

Review Board at Gunma University Hospital (approval number: HS2021-060). Written informed consent 443 

was received from all patients prior to participation. 444 
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