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ABSTRACT
The aim of this research was to examine the clinical characteristics of acute kidney injury (AKI) in
primary nephrotic syndrome (NS) and discuss the relationship between serum lipids and AKI. A
total of 1028 patients diagnosed with primary NS with renal biopsy results were enrolled in this
study. The patients were divided into AKI (n¼ 81) and non-AKI (n¼ 947) groups, and their char-
acteristics were compared using a propensity score analysis for the best matching. Serum free
fatty acid (FFA) was an independent predictor for AKI in the postmatch samples (p¼ 0.011). No
significant difference in FFA levels was observed among AKI stages or different pathological
types in the AKI and non-AKI groups. The AUC (area under the ROC curve) was 0.63 for FFA lev-
els to distinguish AKI. In primary NS, elevated FFA levels tend to be related to a high risk of AKI.
FFAs have diagnostic value and may serve as biomarkers for AKI in NS.
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Introduction

Nephrotic syndrome (NS) is characterized by hypoalbu-
minemia and massive proteinuria, and acute renal
injury (AKI) is one of the severest complications. Due to
the aggressiveness of the disease, renal interstitial
edema or other surrounding factors of pathophysiology
and treatment [1,2], patients with NS are prone to
develop AKI. As part of the initial clinical manifestations,
AKI has been reported to occur in 23%–47% of minimal
change diseases [3–6], whereas a lower incidence has
been reported in membranous nephropathy (MN) [7]. In
the majority of cases, AKI accompanied by primary NS
is reversible. For most patients, renal function can
recover completely or partially in 4–8weeks [8]. In
some cases, however, renal function is irreversibly dam-
aged [9–14]. Treatment of AKI may require dialysis,
especially when it is complicated by severe electrolyte
imbalance, positive fluid balance or overt uremic symp-
toms until oliguria resolution. AKI is widely known to be
linked to high mortality and morbidity, resulting in an
increased risk of subsequent chronic kidney disease
[15,16]. Lipid metabolism disorder is one of the most
common manifestations of NS. As a product of fat
catabolism, elevated free fatty acids are thought to be

associated with a rapid decline in renal function and
may predict renal function decline in the early stages of
chronic kidney disease [1]. To date, there is no relevant
report on the clinical study of FFA in nephrotic syn-
drome. Here, we discuss the clinical and pathological
characteristics of AKI and attempt to clarify the related
risk factors and tendencies of AKI in NS to better under-
stand the disease and its relationship with FFA.

Materials and methods

Patients

This was a retrospective, single-center, and observa-
tional cohort study. This study was approved by the
ethics committee of the Affiliated Hospital of Qingdao
University (approval number: QYFY WZLL 26502). Figure
1 shows a flow diagram of the patient selection pro-
cess. From 2012.12 to 2022.4, data from hospitalized
patients older than 18 years were extracted from the
Affiliated Hospital of Qingdao University electronic
medical record system. During the observation period,
the four hospital districts of the Affiliated Hospital of
Qingdao University had a total of 3700 beds, of which
93 were in the nephrology department. A total of 5677

CONTACT Teng Lv lvteng2051@163.com Department of Gynecology, The Affiliated Hospital of Qingdao University, 1677, Wutaishan Road, Xihaian
District, Qingdao 266000, China
� 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

RENAL FAILURE
2022, VOL. 44, NO. 1, 1236–1242
https://doi.org/10.1080/0886022X.2022.2105232

http://crossmark.crossref.org/dialog/?doi=10.1080/0886022X.2022.2105232&domain=pdf&date_stamp=2022-07-29
http://orcid.org/0000-0002-5171-9686
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com


patients were diagnosed with NS. Patients with diseases
that can lead to secondary NS, such as metabolic syn-
drome, hepatitis, diabetes, tumors, Henoch-Schonlein
purpura, connective tissue disease, and other immune
system diseases, were excluded. Those with hereditary
NS were excluded. We collected 3121 cases involving
primary NS diagnosis. Among them, 1074 patients
underwent renal biopsy with definitive pathological
diagnosis. Those with incomplete data were excluded.
Ultimately, we collected 1028 patients diagnosed with
primary NS. Information collected included the follow-
ing: age; sex; diagnosis; BMI; systolic blood pressure
(SBP); pathological type; and laboratory serum testing,
including serum albumin, 24-h urine proteinuria, trigly-
cerides (TGs), total cholesterol (TCHO), low-density lipo-
protein cholesterol (LDL), high-density lipoprotein
cholesterol (HDL), free fatty acids (FFAs), urea and cre-
atinine (SCr). The diagnostic criterion of AKI for this
study was an increase in serum creatinine to 1.5 times

the baseline value within 7 days [17,18]. AKI was classi-
fied into 3 stages according to the 2012 KDIGO defin-
ition [19]. We did not cite the urine output criteria
because hourly urine volume was difficult to obtain
from medical records. This study was approved by the
Medical Ethics Committee of the Affiliated Hospital of
Qingdao University.

Laboratory testing

Bromocresol green spectrophotometry was used to
determine serum albumin. Serum TG was determined
using the GPO-PAP method and serum TCHO by the
CHOD-POD method. HDL was assessed by the selective
inhibitory direct method, and LDL was evaluated by the
direct method. Serum FFA (nonesterified fatty acids)
was examined by the enzyme endpoint method. Serum
urea was detected by the urease glutamate dehydro-
genase method and serum creatinine by the picric acid
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Figure 1. Flow diagram of the patient selection. PSM, propensity score matching.
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method. The pyrogallol red method was used to deter-
mine the concentration of urinary protein. A Beckman
Coulter Au5400 and Au5800 (Beckman Coulter, Inc. S.
Kraemer Boulevard Brea, CA 92821, USA) were used in
this study.

Statistical analysis

Continuous variable data were evaluated by the one-
sample Kolmogorov–Smirnov test. The results are pre-
sented as median values (25th percentile, 75th percent-
ile) for continuous variables with a nonnormal
distribution. Categorical variables are presented as per-
centages. We used propensity score matching (PSM) to
match AKI patients and non-AKI patients to minimize
the impact of other confounding factors on the results.
AKI patients were matched with non-AKI patients at a
ratio of 1:1 based on sex, age, infection, proteinuria,
SBP, FFA, BMI, TCHO, TG, LDL, HDL and albumin. The
PSM matching tolerance was set as 0.02. The matching
success ratio was 95%. Before and after matching, dif-
ferences in continuous variables with nonnormal distri-
butions were compared by the Mann–Whitney U test.
The chi-square test or Fisher’s exact test was used to
compare the distributions of categorical variables.
Baseline variables in univariate analysis showing a sig-
nificant correlation between AKI and non-AKI were
entered into the multivariate model (p� 0.05).
Multivariate logistic regression analysis was used to
evaluate the odds ratios (ORs) and 95% confidence
intervals (CIs) between AKI and non-AKI patients. The
diagnostic ability of serum FFA levels was further eval-
uated by receiver operating characteristic (ROC) curve
analysis. SPSS software 26.0 and GraphPad Prism 7.0
were applied to perform all statistical analyses. p< 0.05
was regarded as a statistically significant difference.

Results

A total of 1028 patients aged �18 years with primary
NS were enrolled. Overall, 81 patients (7.9%) presented
with AKI. All of them underwent renal biopsy and had a
definite pathological diagnosis. The basic features of
the patients in the prematch and postmatch models
are shown in Table 1. After PSM analysis, 77 patients
were matched. The prematch analysis showed that AKI
patients were older than those in the non-AKI group
(60 years vs. 52 years, p¼ 0.011), with a higher percent-
age of males (78% vs. 63%, p¼ 0.009), a greater rate of
infection (32% vs. 7%, p< 0.001), higher SBP
(147mmHg vs. 135, p< 0.001), and greater BMI (27.2 vs.
25.5 kg/m2, p¼ 0.003). The test results showed greater
24-h urine proteinuria (6.1 g vs. 4.4 g, p< 0.001) and ele-
vated FFA levels (0.39mmol/L vs. 0.33mmol/L,
p< 0.001) in the AKI group compared to the non-AKI
group, whereas albumin (21.2 vs.23.6mmol/L,
p< 0.001) and HDL levels (1.57mmol/L vs. 1.71mmol/L,
p¼ 0.006) were obviously decreased. After controlling
for sex, age, infection, proteinuria, SBP, FFA, BMI, TCHO,
TG, LDL, HDL and albumin and test results using the
PSM approach, the AKI group still showed elevated FFA
levels (0.39mmol/L vs. 0.31mmol/L, p ＝ 0.006).

Table 2 shows that before PSM analysis, male sex,
higher infection, older age, larger proteinuria, higher
systolic pressure, higher FFA, and lower albumin were
associated with AKI according to univariate analysis.
Multivariate logistic regression analyses revealed a
higher rate of infection, higher systolic pressure, ele-
vated serum FFA, and greater 24-h proteinuria in associ-
ation with a tendency toward AKI. After PSM analysis
(Table 3), univariate analysis showed a correlation of
higher FFA with AKI. A FFA value of 1mmol/L resulted
in an 82.18% risk of AKI [OR (95% CI): 9.218
(1.653–51.419), p¼ 0.011]; that is, FFA values increased
by 0.1mmol/L, and AKI incidence increased by 8.218%.

Table 1. Baseline clinical characteristics before and after propensity score matching.

Variables
Before Matching

p
After Matching

pNon-AKI (n¼ 947) AKI (n¼ 81) Non-AKI (n¼ 77) AKI (n¼ 77)

Age (years) 52 (37–63) 60 (40–72) 0.011 57 (42–64) 60 (40–71) 0.346
Male 600 (63%) 63 (78%) 0.009 63 (82%) 60 (78%) 0.547
Infection 69 (7%) 26 (32%) <0.001 22 (29%) 25 (32%) 0.600
Proteinuria (g) 4.4 (2.5–6.7) 6.1 (4.0–10.1) <0.001 6.2 (4.0–9.7) 5.7 (4.0–9.3) 0.803
SBP (mmHg) 135 (124–150) 147 (133–164) <0.001 150 (135–168) 147 (132–164) 0.590
BMI (kg/m2) 25.5 (23.1–28.0) 27.2 (23.8–29.8) 0.003 26.4 (24.4–28.6) 27.1 (23.6–29.8) 0.490
FFA (mmol/L) 0.33 (0.22–0.46) 0.39 (0.30–0.59) <0.001 0.31 (0.23–0.49) 0.39 (0.30–0.59) 0.006
Urea (mmol/L) 5.67 (4.58–7.16) 14.3 (9.5–19.3) <0.001 6.28 (5.25–9.55) 14.65 (9.56–19.87) <0.001
SCr (mmol/L) 70 (57–85) 188 (147–270) <0.001 79 (65–96) 190.3 (152.0–274.0) <0.001
TCHO (mmol/L) 7.54 (6.07–9.54) 7.85 (5.56–9.87) 0.980 7.48 (5.57–9.08) 7.78 (5.43–9.80) 0.609
TG (mmol/L) 2.01 (1.41–2.87) 2.25 (1.49–3.10) 0.304 1.97 (1.29–2.65) 2.22 (1.46–3.04) 0.394
LDL (mmol/L) 4.80 (3.55–6.42) 4.93 (3.34–6.75) 0.823 4.65 (3.38–6.27) 4.85 (3.34–6.75) 0.632
HDL (mmol/L) 1.71 (1.37–2.18) 1.57 (1.27–1.83) 0.006 1.66 (1.22–2.01) 1.57 (1.26–1.80) 0.254
Albumin (g/L) 23.6 (19.0–28.8) 21.2 (16.1–25.5) <0.001 21.6 (18.1–25.6) 21.3 (16.2–25.9) 0.264
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Table 4 shows that 46% of AKI the cases were at
stage 1, 30% at stage 2, and 25% at stage 3. The FFA
level of stage 1 was 0.38 (0.31–0.50), that of stage 2 was
0.46 (0.26–0.62), and that of stage 3 was 0.37
(0.23–0.63). There was no significant difference in FFA
level among the AKI stages. The AKI incidence was
12.5% (19/152) in MCD, 3.27% (21/643) in MN, 22.95%
(14/61) in FSGS, 15.70% (19/121) in IgAN, 11.11% (2/18)
in MCGN and 18.18% (6/33) in MesPGN. AKI incidence
was highest in FSGS patients and lowest in MN patients.
As shown in Table 5, in the AKI group, MCD accounted
for 23.5% (19/81), MN for 25.9% (21/81), FSGS for 17.3%
(14/81), IgAN for 23.5% (19/81), MesPGN for 7.4% (6/
81), and MCGN for 2.5% (2/81) of cases. In the non-AKI
group, MCD accounted for 14% (133/947), MN for
65.7% (622/947), FSGS for 5.0% (47/947), IgAN for
10.8% (102/947), MesPGN for 2.9% (27/947), and MCGN
for 1.7% (16/947) of cases. The chi-square test and

Fisher’s exact test indicated that the AKI group had a
higher proportion of MCD, FSGS, IgAN and MesPGN
and a lower proportion of MN than the non-AKI group
(p< 0.05). These results suggest that among various
pathological types, patients with MN are least prone to
AKI development. Table 5 also shows that there were
no statistically significant differences in FFA level
among the various pathological types of AKI (p¼ 0.510)
and non-AKI (p¼ 0.532), suggesting that serum FFA lev-
els were not related to pathological type in this study.

As shown in Figure 2, the area under the ROC curve
was 0.63 (95% CI, 0.54–0.71) in the AKI group, with 61%
sensitivity and 62.3% specificity, indicating that serum
FFA has a weak diagnostic value got discriminating AKI
patients from non-AKI patients.

Discussion

The occurrence of AKI in adults with NS was 7.9% in
our survey. According to previous studies, a number of
risk factors, such as older age, hypertension, male sex,
severe proteinuria, severely decreased serum albumin,
and atherosclerosis, were found to lead to AKI in NS
[20–23]. In addition, nephrotoxic medication exposure
correlates with AKI [24]. In our study, multivariate logis-
tic regression analyses clarified that infection, higher
systolic blood pressure, higher levels of FFAs, and pro-
teinuria were associated with an increased risk of AKI.
In postmatch sample analysis, FFA still showed statis-
tical significance, which indicated that FFA may serve as
an indicator for the detection of AKI.

FFAs are produced by hydrolysis of triglycerides. As
metabolites, fatty acids play a powerful intermediary
role in many biological processes. As a key component
of phospholipids and glycolipids, fatty acids are import-
ant fuel molecules in cell structure and function. Under
fasting conditions, fatty acids can also provide energy
for cells [25–27]. Abnormal fatty acid metabolism may
lead to abnormal pathological metabolic conditions,

Table 2. Univariate and multivariate logistic regression analyses of risk factors for AKI in NS patients
in prematched samples.

Univariate analysis Multivariate analysis

OR (95%CI) p OR (95%CI) p

Sex 0.494 (0.288–0.848) 0.011 0.648 (0.365–1.151) 0.139
Infection 0.166 (0.098–0.282) <0.001 0.206 (0.116–0.364) <0.001
24 h proteinuria (g/L) 1.120 (1.070–1.172) <0.001 1.093 (1.034–1.155) 0.002
Age (years) 1.019 (1.004–1.034) 0.012 1.012 (0.996–1.027) 0.135
Systolic pressure (mmHg) 1.024 (1.013–1.034) <0.001 1.021 (1.010–1.033) <0.001
BMI (kg/m2) 1.005 (0.991–1.019) 0.483
FFA (mmol/L) 3.970 (1.695–9.298) 0.002 3.343 (1.227–9.105) 0.018
TCHO (mmol/L) 0.989 (0.915–1.070) 0.790
TG (mmol/L) 1.016 (0.904–1.142) 0.789
LDL (mmol/L) 0.978 (0.885–1.081) 0.660
HDL (mmol/L) 1.128 (0.883–1.440) 0.335
Albumin (g/L) 0.937 (0.902–0.973) 0.001 0.955 (0.913–1.000) 0.050

Table 3. Univariate logistic regression analyses of risk factors
for AKI in NS patients in postmatch samples.

Univariate analysis

OR (95%CI) p

Sex 0.784 (0.356–1.730) 0.547
Infection 0.832 (0.419–1.654) 0.600
24 h proteinuria (g/L) 1.009 (0.940–1.083) 0.805
Age (years) 1.007 (0.988–1.026) 0.480
Systolic pressure (mmHg) 0.996 (0.983–1.008) 0.498
BMI (kg/m2) 1.038 (0.946–1.140) 0.428
FFA (mmol/L) 9.218 (1.653–51.419) 0.011
TCHO (mmol/L) 1.024 (0.906–1.158) 0.705
TG (mmol/L) 1.091 (0.873–1.364) 0.442
LDL (mmol/L) 1.014 (0.868–1.185) 0.857
HDL (mmol/L) 0.950 (0.645–1.400) 0.795
Albumin (g/L) 0.978 (0.933–1.025) 0.353

Table 4. Comparison of FFA levels among AKI stages (n¼ 81).
n FFA p

Stage 1 37 (46%) 0.38 (0.31–0.50) 0.777
Stage 2 24 (30%) 0.46 (0.26–0.62)
Stage 3 20 (25%) 0.37 (0.23–0.63)
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such as hyperthyroidism, severe liver dysfunction, obes-
ity, insulin resistance and type 2 diabetes mellitus
[28–33]. Such abnormalities of serum lipids and lipopro-
teins in NS are due to impaired clearance and altered
biosynthesis [34]. In response to hypoproteinemia, the
liver increases not only albumin formation but also lipid
production [35,36]; thus, elevated serum lipid levels,
including FFA levels, are closely related to decreased
albumin levels in patients with NS. However, patients
and animals with advanced CKD without nephrosis-
range proteinuria also exhibit hypertriglyceridemia and
elevated FFA levels [34], which suggests that increased
FFA may be one of the manifestations of renal insuffi-
ciency rather than the result of decreased albumin.
Indeed, a lack of albumin, which can act as an acceptor
and carrier of FFA, may diminish intravascular lipolysis
and reduce plasma FFA concentrations [37,38].
Therefore, an increase in FFA level can be used as an
independent predictor for AKI in NS patients.

Despite no relevant report on the clinical study of
FFA in NS, studies have shown that FFA is associated
with a rapid decline in renal function and may predict
renal function decline in the early stages of chronic kid-
ney disease [1]. Excessive accumulation of FFA causes
renal injury through different mechanisms. Several
mechanisms, such as the inflammatory response, oxida-
tive stress reaction, activated renin-angiotensin system,

impaired insulin signal transduction, effects of nitric
oxide production and endothelial cell apoptosis
[39–45], are thought to be related to endothelial dys-
function mediated by elevated FFAs. Endothelial dys-
function and vascular injury are considered to be
involved in the occurrence of AKI [46–48]. FFA can also
cause inflammation and injury of podocytes and the
renal tubulointerstitium. FFA can cause podocyte apop-
tosis, downregulate expression of markers and increase
that of the inflammatory factors IL-18 and IL-1b and
also induce NF-jB activation. FFA promotes expression
of IL-6 and IL-18 and cell death in proximal renal tubu-
lar cells [40–42]. In vitro experiments have proven an
association between FFA and renal tubulointerstitial
injury and endothelial cell apoptosis. Our study con-
firmed that elevated FFAs are associated with acute
renal injury in patients with NS. An animal experiment
also showed that FFAs can affect proteinuria by directly
altering podocyte function and viability [49]. Therefore,
we believe that FFA is also involved in the occurrence
of AKI in NS patients. Our results showed that the ROC
value of FFA as a diagnostic criterion was 0.63, indicat-
ing that serum FFA has low accuracy as a biomarker of
AKI, though serum FFA might be an indicator for the
detection of AKI.

AKI incidence was highest in FSGS and lowest in MN.
Compared with the non-AKI group, the proportion of
MCD, FSGS, IgAN and MesPGN in the AKI group was
higher, but it was lower in MN, which indicates that
patients with MN are least prone to developing AKI,
consistent with previous studies [6,7].

There are several limitations to the present research.
First, this was an observational and retrospective cohort
study, and some cases were excluded due to missing
data. Second, this was a single-center study with a lim-
ited number of samples, which may have caused bias.

Conclusions

In summary, elevated serum FFA levels might be associ-
ated with the risk of AKI in NS and may therefore be a
supplement to current AKI detection.

Table 5. Comparison of FFA levels among different pathological types in the AKI group and non-AKI group.
Pathological type AKI (n) N¼ 81 Non-AKI (n) N¼ 947 p� AKI-FFA (mmol/L) p�� Non-AKI FFA (mmol/L) p���
MCD 19 (23.5%) 133 (14%) 0.022 0.49 (0.27–0.63) 0.510 0.32 (0.22–0.46) 0.532
MN 21 (25.9%) 622 (65.7%) <0.001 0.38 (0.29–0.48) 0.33 (0.22–0.45)
FSGS 14 (17.3%) 47 (5.0%) <0.001 0.50 (0.32–0.65) 0.34 (0.22–0.52)
IgAN 19 (23.5%) 102 (10.8%) 0.001 0.39 (0.31–0.55) 0.33 (0.20–0.49)
MesPGN 6 (7.4%) 27 (2.9%) 0.026 0.35 (0.17–0.47) 0.35 (0.25–0.53)
MCGN 2 (2.5%) 16 (1.7%) 0.647 0.18–0.48 0.22 (0.17–0.33)
�p comparison of pathological results between AKI and non-AKI groups; ��p comparison of FFA levels among different pathological types in the AKI
group; ���p comparison of FFA levels among different pathological types in the non-AKI group.

Figure 2. ROC curves of FFA levels between the AKI group
and non-AKI group (AUC ¼ 0.63).

1240 L. ZHANG ET AL.



Informed consent

The ethics committee of the Affiliated Hospital of Qingdao
University approved this study with a waiver of informed
consent because of the retrospective nature of the study.

Disclosure statement

No potential conflict of interest was reported by
the author(s).

Funding

The author(s) reported there is no funding associated with
the work featured in this article.

ORCID

Teng Lv http://orcid.org/0000-0002-5171-9686

Data availability statement

All data generated or analyzed during this study are included
in this published article and its Online Resources.

References

[1] Lionaki S, Liapis G, Boletis JN. Pathogenesis and man-
agement of acute kidney injury in patients with neph-
rotic syndrome due to primary glomerulopathies.
Medicina. 2019;55(7):365.

[2] Bevc S, Ekart R, Hojs R. The assessment of acute kid-
ney injury in critically ill patients. Eur J Intern Med.
2017;45:54–58.

[3] Waldman M, Crew RJ, Valeri A, et al. Adult minimal-
change disease: clinical characteristics, treatment, and
outcomes. Clin J Am Soc Nephrol. 2007;2(3):445–453.

[4] Chen CL, Fang HC, Chou KJ, et al. Increased endothe-
lin 1 expression in adult-onset minimal change nephr-
opathy with acute renal failure. Am J Kidney Dis.
2005;45(5):818–825.

[5] Keskar V, Jamale TE, Kulkarni MJ, et al. Minimal-
change disease in adolescents and adults: epidemi-
ology and therapeutic response. Clin Kidney J. 2013;
6(5):469–472.

[6] Fenton A, Smith SW, Hewins P. Adult minimal-change
disease: observational data from a UK Centre on
patient characteristics, therapies, and outcomes. BMC
Nephrol. 2018;19(1):207.

[7] Hu W, Chen Y, Wang S, et al. Clinical-morphological
features and outcomes of lupus podocytopathy. Clin J
Am Soc Nephrol. 2016;11(4):585–592.

[8] Stellato T, Cappelleri A, Farina M, et al. Severe revers-
ible acute renal failure in idiopathic nephrotic syn-
drome. J Nephrol. 2010;23(6):717–724.

[9] Heung M, Steffick DE, Zivin K, et al. Acute kidney
injury recovery pattern and subsequent risk of CKD:
an analysis of veterans health administration data. Am
J Kidney Dis. 2016;67(5):742–752.

[10] Kurzhagen JT, Dellepiane S, Cantaluppi V, et al. AKI:
an increasingly recognized risk factor for CKD devel-
opment and progression. J Nephrol. 2020;33(6):
1171–1187.

[11] Hoste EA, Schurgers M. Epidemiology of acute kidney
injury: How big is the problem? Crit Care Med. 2008;
36(4 Suppl):S146–S151.

[12] Chawla LS, Amdur RL, Amodeo S, et al. The severity of
acute kidney injury predicts progression to chronic
kidney disease. Kidney Int. 2011;79(12):1361–1369.

[13] Singbartl K, Kellum JA. AKI in the ICU: Definition, epi-
demiology, risk stratification, and outcomes. Kidney
Int. 2012;81(9):819–825.

[14] Triverio PA, Martin PY, Romand J, et al. Long-term
prognosis after acute kidney injury requiring renal
replacement therapy. Nephrol Dial Transplant. 2009;
24(7):2186–2189.

[15] Bellomo R, Kellum JA, Ronco C. Acute kidney injury.
Lancet 2012;380(9843):756–766.

[16] Yaseen A, Tresa V, Lanewala AA, et al. Acute kidney
injury in idiopathic nephrotic syndrome of childhood
is a major risk factor for the development of chronic
kidney disease. Ren Fail. 2017;39(1):323–327.

[17] Afshinnia F, Rajendiran TM, He C, et al. Circulating
free fatty acid and phospholipid signature predicts
early rapid kidney function decline in patients with
type 1 diabetes. Diabetes Care 2021;44(9):2098–2106.

[18] Khwaja A. KDIGO clinical practice guidelines for acute
kidney injury. Nephron Clin Pract. 2012;120(4):
c179–c184.

[19] Kim MY, Cho MH, Kim JH, et al. Acute kidney injury in
childhood-onset nephrotic syndrome: Incidence and
risk factors in hospitalized patients. Kidney Res Clin
Pract. 2018;37(4):347–355.

[20] Kellum JA, Lameire N, Aspelin P, et al. Kidney disease:
improving global outcomes (KDIGO) acute kidney
injury work group. KDIGO clinical practice guideline
for acute kidney injury. Kidney Int Suppl. 2012;2(1):
1–138.

[21] Smith JD, Hayslett JP. Reversible renal failure in the
nephrotic syndrome. Am J Kidney Dis. 1992;19(3):
201–213.

[22] Chen T, Lv Y, Lin F, et al. Acute kidney injury in adult
idiopathic nephrotic syndrome. Ren Fail. 2011;33(2):
144–149.

[23] Jennette JC, Falk RJ. Adult minimal change glomerul-
opathy with acute renal failure. Am J Kidney Dis.
1990;16(5):432–437.

[24] Iwagami S, Furue S, Toyosaki T, et al. Establishment
and characterization of nurse cell-like clones from
human skin. Nurse cell-like clones can stimulate
autologous mixed lymphocyte reaction. J Immunol.
1994;153(7):2927–2938.

[25] Rheault MN, Zhang L, Selewski DT, et al. AKI in chil-
dren hospitalized with nephrotic syndrome. CJASN.
2015;10(12):2110–2118.

[26] Fatehi-Hassanabad Z, Chan CB. Transcriptional regula-
tion of lipid metabolism by fatty acids: a key deter-
minant of pancreatic beta-cell function. Nutr Metab
(Lond). 2005;2(1):1.

[27] Malaisse WJ, Best L, Kawazu S, et al. The stimulus-
secretion coupling of glucose-induced insulin release:

RENAL FAILURE 1241



fuel metabolism in islets deprived of exogenous nutri-
ent. Arch Biochem Biophys. 1983;224(1):102–110.

[28] Stein DT, Esser V, Stevenson BE, et al. Essentiality of
circulating fatty acids for glucose-stimulated insulin
secretion in the fasted rat. J Clin Invest. 1996;97(12):
2728–2735.

[29] McGarry JD. Banting lecture 2001: Dysregulation of
fatty acid metabolism in the etiology of type 2 dia-
betes. Diabetes 2002;51(1):7–18.

[30] Rui L. Energy metabolism in the liver. Compr Physiol.
2014;4(1):177–197.

[31] Hagenfeldt L, Wennlung A, Felig P, et al. Turnover
and splanchnic metabolism of free fatty acids in
hyperthyroid patients. J Clin Invest. 1981;67(6):
1672–1677.

[32] Pereira S, Shah A, George Fantus I, et al. Effect of N-
acetyl-l-cysteine on insulin resistance caused by pro-
longed free fatty acid elevation. J Endocrinol. 2015;
225(1):1–7.

[33] Xin Y, Wang Y, Chi J, et al. Elevated free fatty acid
level is associated with insulin-resistant state in non-
diabetic chinese people. DMSO. 2019;12:139–147.

[34] Vaziri ND. Disorders of lipid metabolism in nephrotic
syndrome: mechanisms and consequences. Kidney Int.
2016;90(1):41–52.

[35] Joven J, Villabona C, Vilella E, et al. Abnormalities of
lipoprotein metabolism in patients with the nephrotic
syndrome. N Engl J Med. 1990;323(9):579–584.

[36] Kaysen GA, de Sain-van der Velden MG. New insights
into lipid metabolism in the nephrotic syndrome.
Kidney Int Suppl. 1999;71:S18–S21.

[37] Abdollahi A, Dowden BN, Buhman KK, et al. Albumin
knockout mice exhibit reduced plasma free fatty acid
concentration and enhanced insulin sensitivity. Physiol
Rep. 2022;10(5):e15161.

[38] Figueira TR, Vercesi AE, Oliveira HC. Lack of plasma
albumin impairs intravascular lipolysis and explains

the associated free fatty acids deficiency and hypertri-
glyceridemia. Lipids Health Dis. 2010;9:146.

[39] Zhang L, Han L, He J, et al. A high serum-free fatty
acid level is associated with cancer. J Cancer Res Clin
Oncol. 2020;146(3):705–710.

[40] Gai Z, Wang T, Visentin M, et al. Lipid accumulation
and chronic kidney disease. Nutrients 2019;11(4):722.

[41] Ruan XZ, Varghese Z, Moorhead JF. An update on the
lipid nephrotoxicity hypothesis. Nat Rev Nephrol.
2009;5(12):713–721.

[42] Huang CC, Chou CA, Chen WY, et al. Empagliflozin
ameliorates free fatty acid induced-lipotoxicity in renal
proximal tubular cells via the PPARc/CD36 pathway in
obese mice. IJMS. 2021;22(22):12408.

[43] Han L, Liu J, Zhu L, et al. Free fatty acid can induce
cardiac dysfunction and alter insulin signaling path-
ways in the heart. Lipids Health Dis. 2018;17(1):185.

[44] Steinberg HO, Paradisi G, Hook G, et al. Free fatty acid
elevation impairs insulin-mediated vasodilation and
nitric oxide production. Diabetes 2000;49(7):
1231–1238.

[45] Ghosh A, Gao L, Thakur A, et al. Role of free fatty
acids in endothelial dysfunction. J Biomed Sci. 2017;
24(1):50.

[46] Yang F, Cai W, Yang K, et al. PKCd knockdown inhibits
free fatty acid induction of endothelial cell apoptosis.
Cell Biochem Funct. 2013;31(5):380–384.

[47] Inamdar N, Tomer S, Kalmath S, et al. Reversal of
endothelial dysfunction post-immunosuppressive ther-
apy in adult-onset podocytopathy and primary mem-
branous nephropathy. Atherosclerosis 2020;295:38–44.

[48] Sutton TA, Fisher CJ, Molitoris BA. Microvascular endo-
thelial injury and dysfunction during ischemic acute
renal failure. Kidney Int. 2002;62(5):1539–1549.

[49] Chung JJ, Huber TB, G€odel M, et al. Albumin-associ-
ated free fatty acids induce macropinocytosis in podo-
cytes. J Clin Invest. 2015;125(6):2307–2316.

1242 L. ZHANG ET AL.


	Abstract
	Introduction
	Materials and methods
	Patients
	Laboratory testing
	Statistical analysis

	Results
	Discussion
	Conclusions
	Informed consent
	Disclosure statement
	Funding
	Orcid
	Data availability statement
	References


