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Background: In renal transplantation, chronic transplant dysfunction (CTD) is associated
with increased PCSK9 and dyslipidemia. PCSK9 is an enzyme that increases plasma
cholesterol levels by downregulating LDLR expression. We recently showed increased
PCSK9–syndecan-1 interaction in conditions of proteinuria and renal function loss.
Treatment with heparin(oids) might be a therapeutic option to improve dyslipidemia
and CTD. We investigated the effects of (non-)anticoagulant heparin(oids) on serum
lipids, syndecan-1 and PCSK9 levels, and CTD development.

Methods: Kidney allotransplantation was performed from female Dark Agouti to male
Wistar Furth recipients. Transplanted rats received daily subcutaneous injections of saline,
unfractionated heparin, and RO-heparin or NAc-heparin (2 mg heparin(oid)/kg BW) until
sacrifice after 9 weeks of treatment.

Results: Saline-treated recipients developed hypertension, proteinuria, and loss of
creatinine clearance (all p < 0.05 compared to baseline), along with glomerulosclerosis
and arterial neo-intima formation. Saline-treated recipients showed significant increase in
plasma triglycerides (p < 0.05), borderline increase in non-HDLc/HDLc (p = 0.051), and
~10-fold increase in serum syndecan-1 (p < 0.05), without significant increase in serum
PCSK9 at 8 weeks compared to baseline. Heparin and non-anticoagulant RO-heparin
administration in transplanted rats completely prevented an increase in triglycerides
compared to saline-treated recipients at 8 weeks (both p < 0.05). Heparin(oids)
treatment did not influence serum total cholesterol (TC), plasma syndecan-1 and
PCSK9 levels, creatinine clearance, proteinuria, glomerulosclerosis, and arterial neo-
intima formation, 8 weeks after transplantation. Combining all groups, increased

Edited by:
Sissel Beate Rønning,

Fisheries and Aquaculture Research
(Nofima), Norway

Reviewed by:
John R. Couchman,

University of Copenhagen, Denmark
Svein Olav Kolset,

University of Oslo, Norway

*Correspondence:
Jacob van den Born

j.van.den.born@umcg.nl

Specialty section:
This article was submitted to

Cell Growth and Division,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 19 October 2021
Accepted: 27 January 2022
Published: 07 March 2022

Citation:
Shrestha P, Katta K, Talsma D,

Naggi A, Hillebrands J-L, Sluis Bvd and
van den Born J (2022) Prevention of

Triglyceridemia by (Non-)Anticoagulant
Heparin(oids) Does Not Preclude

Transplant Vasculopathy
and Glomerulosclerosis.

Front. Cell Dev. Biol. 10:798088.
doi: 10.3389/fcell.2022.798088

Abbreviations: BW, body weight; CTD, chronic transplant dysfunction; HSPG, heparan sulfate proteoglycans; MW, molecular
weight; PCSK9, proprotein convertase subtilisin/kexin type-9; LDLR, low-density lipoprotein receptor; LRP-1, low-density
lipoprotein receptor related protein 1; TC, total cholesterol; TGs, triglycerides; LDLc, low-density lipoprotein cholesterol;
VLDLc, very-low-density lipoprotein cholesterol; HDLc, high-density lipoprotein cholesterol.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 7980881

ORIGINAL RESEARCH
published: 07 March 2022

doi: 10.3389/fcell.2022.798088

http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.798088&domain=pdf&date_stamp=2022-03-07
https://www.frontiersin.org/articles/10.3389/fcell.2022.798088/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.798088/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.798088/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.798088/full
http://creativecommons.org/licenses/by/4.0/
mailto:j.van.den.born@umcg.nl
https://doi.org/10.3389/fcell.2022.798088
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.798088


syndecan-1 shedding was associated with TC (r = 0.5; p = 0.03) and glomerulosclerosis
(r = 0.53; p = 0.021), whereas the non-HDLc/HDLc ratio was associated with the neo-
intimal score in the transplanted kidneys (r = 0.65; p < 0.001).

Conclusion: Prevention of triglyceridemia by (non-)anticoagulant heparin(oids) neither
influenced PCSK9/syndecan-1 nor precluded CTD, which however did associate with the
shedding of lipoprotein clearance receptor syndecan-1 and the unfavorable cholesterol
profile.

Keywords: chronic transplant dysfunction, heparin, pcsk9, syndecan-1, dyslipidemia

INTRODUCTION

Chronic transplant dysfunction (CTD) is a functional decline of
the transplanted kidney characterized by a progressive increase in
plasma creatinine levels, proteinuria, and hypertension (Van
Timmeren et al., 2007). About 30–50% of renal allografts are
lost after 5 years of transplantation due to CTD, making CTD a
major challenge in the field of transplantation (Marcén and
Teruel, 2008; Ekberg and Johansson, 2012; Lai et al., 2021).
Histological changes, such as interstitial fibrosis, tubular
atrophy, and vascular and glomerular occlusions, are
hallmarks of a dysfunctional allograft (Nankivell et al., 2003;
Van Timmeren et al., 2007). Among these histopathological
changes, transplant arteriopathy and glomerulosclerosis are
common and characterized by myo-intimal proliferation,
resulting in the formation of an occlusive neo-intima in the
intragraft arteries and arterioles, mesangial proliferation, and
matrix production, leading to glomerulosclerosis (Shoji et al.,
2020; Uffing et al., 2020).

The pathogenesis of CTD is complex and multifactorial, and
involves immune and non-immune factors. Human leukocyte
antigen (HLA) mismatches between donor and recipient give rise
to cytotoxic T cells, NK cells, and donor-specific antibodies,
causing immune-related injury to the graft, whereas
hypertension, ischemia, infections, dyslipidemia, diabetes, and
drug toxicity cause non-immune-related graft injury (Nankivell
et al., 2003; Najafian and Kasiske, 2008). Among these non-
immune-related factors, dyslipidemia is an important but often
overlooked factor in the development and progression of CTD
and cardiovascular diseases (Del Castillo et al., 2004; Luca et al.,
2015; Elkins et al., 2019). Moreover, dyslipidemia can be modified
by pharmacological intervention, and to some extent, by lifestyle
modification, making dyslipidemia the potentially effective target
to prevent CTD. It has been shown that pravastatin, an HMG-
CoA reductase inhibitor, lowered total cholesterol levels and
reduced the development of coronary vasculopathy in cardiac
transplant patients (Mahle et al., 2005). Studies on animals with
lupus nephritis, aminonucleoside nephrosis, reduced renal mass,
diabetes mellitus, or systemic hypertension have shown that
cholesterol can increase the incidence of glomerulosclerosis
(Agrawal et al., 2018).

Dyslipidemia is characterized by increased serum triglycerides
(TGs), total cholesterol (TC), low-density lipoprotein cholesterol
(LDLc), very-low-density lipoprotein cholesterol (VLDLc), and
normal or reduced high-density lipoprotein cholesterol (HDLc)

(Castelló, 2002; Del Castillo et al., 2004; Mikolasevic et al., 2017).
Dyslipidemia in renal transplantation partly results from the use
of immunosuppressive medication that interferes with LDLc
binding to low-density lipoprotein receptor (LDLR) and
corticosteroids that increase cholesterol biosynthesis (Jurewicz,
2003; Agarwal and Prasad, 2016; Shrestha et al., 2019). In
addition, hepatic shedding of the lipoprotein clearance
receptor syndecan-1 has been associated with increased serum
TG levels after renal transplantation (Adepu et al., 2014).
Similarly, increased proprotein convertase subtilisin/kexin
type-9 (PCSK9)-mediated LDLR degradation is known to
increase cholesterol levels in chronic kidney diseases and renal
transplant recipients (Eisenga et al., 2017; Pavlakou et al., 2017).
Novel data on PCSK9 revealed that hepatic heparan sulfate
proteoglycans act as liver-specific co-receptors for PCSK9 and
orchestrate PCSK9-mediated LDLR degradation (Gustafsen et al.,
2017). We recently showed increased PCSK9–heparan sulfate
interaction in various proteinuric renal rat models (Shrestha et al.,
2021a; Shrestha et al., 2021b). These findings showed that
heparins and heparinoids can interact with PCSK9 via their
negatively charged sulfated sugar groups and therefore bear
the potential to be developed as PCSK9 inhibitors for the
treatment of dyslipidemia (Gustafsen et al., 2017; Shrestha
et al., 2021a; Shrestha et al., 2021b).

Interestingly, treatment with heparin(oids) is found to
improve serum lipid levels (TG and TC) in patients on renal
replacement therapy (Elisaf et al., 1997; Lazrak et al., 2017). The
effects of heparin(oids) in reducing plasma TG levels are
attributed to release/activation of lipoprotein lipase and
hepatic lipase (Katopodis et al., 2007); however, the
mechanism(s) underlying TC reduction is not clear yet. In
addition, both the non-anticoagulant RO-heparin and
N-acetylated heparin (NAc-heparin) derivatives are found to
inhibit syndecan-1 shedding, another potential mechanism
behind lipid reduction (Levidiotis et al., 2004; Ritchie et al.,
2011). On the contrary, a number of studies show an increase
in TG and TC, and a decrease in serum lipolytic activity, resulting
in the accumulation of chylomicrons and lipoproteins on
treatment with unfractionated heparin (Akiba et al., 1992;
Weintraub et al., 1994).

Therefore, in this study, we investigated 1) the effect of heparin
and non-anticoagulant heparinoids on plasma values of lipids,
syndecan-1, and PCSK9; 2) the efficacy of heparin and non-
anticoagulant heparinoids to prevent the development of
glomerulosclerosis and arterial neo-intima; and 3) the
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association of plasma lipid levels with plasma syndecan-1,
PCSK9, and degree of glomerulosclerosis and arterial neo-
intima formation in a rat CTD model.

MATERIALS AND METHODS

Animals
In this study, 38 10-week-old female inbred Dark Agouti (DA)
rats (donors) and 38 10-week-old male inbredWistar Furth (WF)
rats (recipients) were used. DA and WF rats were obtained from
Harlan Nederland (Zeist, Netherlands) and Charles River
Laboratories (I’Arbresle, Cedex, France), respectively. The local
animal Ethics Committee of the University of Groningen
approved all the procedures used in the study, and the
principles of Laboratory Animal Care (National Institute of
Health publication no. 86-23) were followed.

Kidney Transplantation
Kidney allotransplantation was performed from female DA
donors to male WF recipients according to standard
procedures as described previously (Rienstra et al., 2009) and
immunological data that have been published before (Talsma
et al., 2017).

Treatments and Experimental Groups
In this study, interventions were performed by daily (s.c.)
injections of 2 mg/kg BW/day with regular unfractionated
heparin (heparin; MW 21,116 Da; n = 9) and two non-
anticoagulant heparinoids derived from regular heparin:
N-desulfated, N-reacetylated heparin (NAc-heparin; MW
18,269 Da; n = 10) and periodate-oxidized, borohydride-
reduced heparin (RO-heparin; MW 16,522 Da; n = 9) as
reported before by Talsma et al. (2017) (Casu et al., 2004;
Naggi et al., 2005). Although MWs are not exactly identical,
these values stay far away from the molecular sizes of low
molecular weight (LMW) heparins, which range from 4,500 to
6,000 Da (Akhtar et al., 2018). The treatment dose was chosen
according to previous studies and is in the physiological range
normally used for the treatment of thrombotic complications as
reported previously (Kusyk et al., 2005; Gottmann et al., 2007;
Talsma et al., 2017). Production and characterization of these
non-anticoagulant heparin derivatives have been described before
(Casu et al., 2002; Casu et al., 2004). NAc-hep and RO-heparin
were selected because both of these non-anticoagulant
heparinoids exert similar anti-inflammatory properties as
heparin (Gao et al., 2005; Chen et al., 2009). In addition,
biostability, activity, and specificity of these heparinoids are
properly controlled (Gao et al., 2005; Chen et al., 2009), and
these preparations have been reported to be beneficial in several
experimental models as well (Braun et al., 2001; Nakamura et al.,
2001; Gottmann et al., 2007). Furthermore, these heparinoid
preparations can be produced in larger quantities within
affordable costs and limited time. NAc-heparin and RO-
heparin differ mainly in their sulfation degree. In RO-heparin,
glycol splitting occurred only at the level of pre-existing non-
sulfated GlcA and IdoA residues, which corresponds to about

25% of total uronic acids of the parent heparin, yielding non-
anticoagulant heparinoid with the same degree of sulfation as
regular heparin (Casu et al., 2004). Whereas in NAc-heparin,
~100% of N-SO3 groups are replaced by N-acetyl groups,
drastically reducing their sulfation degree (Naggi et al., 2005).
These preparations have been described extensively by the
Ronzoni group (Casu et al., 2002; Casu et al., 2004; Naggi
et al., 2005; Guerrini and Bisio, 2012). The control
transplanted group (n = 10) received daily saline injections.

Clinical Variables
Animals were weighed every day and observed for signs of
decreasing animal welfare reflecting their clinical condition as
reported by Talsma et al. (2017). Blood pressure was measured
non-invasively with the tail cuff method (CODA; Kent Scientific,
Torrington, CT, United States). Rats were placed individually in
metabolic cages to obtain 24 h urines. Food and water intake
during this period were measured. Non-fasting blood sampling
by orbital puncture was executed before transplantation
(baseline), and at 4 and 8–10 weeks (T1 and T2, respectively)
after transplantation. Measurements taken between week 8 and
week 10 were depicted as 8 weeks after the Tx group (T2). The
total follow-up was 65±4 days.

Urine and Plasma Analysis
Because of limited amounts of plasma, not all parameters could be
measured in all rats. Therefore, in the graphs, we expressed all
individual datapoints to make this transparent. Creatinine in
plasma and urine and total protein in urine were determined as
previously mentioned by Yazdani et al. (2015). Plasma PCSK9
and syndecan-1 levels were determined using the Rat PCSK9
ELISA Kit (CSB-EL017647RA, Cusabio biotech, Houston, TX,
United States) and Rat syndecan-1 ELISA kit (CSB-E17115r,
Cusabio biotech, Houston, TX, United States) as per
manufacturer’s instructions.

Lipid Measurements
TC and TG levels were measured with a colorimetric assay as
reported before by Wijers et al. (2019). In brief, TC levels were
determined using colorimetric assays (11489232, Roche) with
cholesterol standard FS (DiaSys Diagnostic Systems GmbH) as a
reference. TG levels were measured using a Trig/GB Kit (1187771,
Roche) with Roche Precimat Glycerol standard (16658800) as a
reference.

Fast-Protein Liquid Chromatography
Rat plasma samples were fractionated by fast protein liquid
chromatography (FPLC) as previously described (Gerdes et al.,
1992) with minor modifications in order to investigate the
changes in lipoprotein particles (VLDL, LDL, and HDL). In
brief, the system contained a PU-980 ternary pump with an
LG-980-02 linear degasser and a UV-975 UV/VIS detector
(Jasco). EDTA plasma was diluted 1:1 with tris-buffered saline,
and 300 μl sample/buffer mixture was loaded onto a Superose 6
HR 10/300 column (GE Healthcare, Life Sciences Division) for
lipoprotein separation at a flow rate of 0.5 ml/min. Quantitative
analysis of the chromatograms was performed with ChromNav
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chromatographic software, version 1.0 (Jasco). The plots for
individual fast-performance liquid chromatography profiles
were generated using GraphPad version 8.0.1.

Quantification of Glomerulosclerosis and
Neo-Intima Formation
Identification and quantification of glomerulosclerosis and neo-
intima formation in kidneys were determined with periodic acid-
Schiff (PAS) and Verhoeff’s staining, respectively, and blindly
scored as mentioned previously by Rienstra et al. (2010).

The sections were semi-quantitatively scored for focal
glomerulosclerosis in a blinded fashion by determining the level
of mesangial expansion and focal adhesion in each quadrant in a
glomerulus and expressed on a scale from 0 to 4. If the glomerulus
was unaffected, it was scored as 0; if one quadrant of the glomerulus
was affected, it was scored as 1, two affected quadrants as 2, three
affected quadrants as 3, and 4 affected quadrants as 4. In total, 50
glomeruli per kidney were analyzed, and the total FGS score was
calculated by multiplying the score by the percentage of glomeruli
with the same FGS score. The sum of these scores gives the total
FGS score with a maximum of 400.

Neo-intima formation was scored at 200× magnification
(Olympus B×50; Olympus Europa, Hamburg, Germany) by
determining the percentage of luminal occlusion. All the
identifiable elastin positive intrarenal vessels were evaluated in
a blinded fashion. The lumen of vessels was the mean length of
two straight lines drawn from the internal elastic lamina (IEL)
and passing through the center of the vessel. The areas enclosed
by the lumen, internal elastic lamina, and external lamina were
measured. The area between the lumen and internal elastic
lamina was described as the neo-intimal area. The percentage
of neo-intimal area to the area enclosed by IEL (total lumen) is
described as the percentage of luminal occlusion.

Statistics
Analyses were performed using GraphPad version 8.0.1
(GraphPad software). The one-way ANOVA test and the
Kruskal Wallis test were used to compare differences between
the groups. When significant differences were observed between
the means, Dunnett’s multiple comparison test, corrected for
multiple comparisons, or Dunn’s multiple comparison test,
corrected for multiple comparisons, was used as post-test to
identify which specific means were significant from the others
(based on normality of data). Data are given as means ± SEM. The
non-parametric Spearman correlation was used to analyze the
association between parameters. For all experiments, a p value of
<0.05 was considered statistically significant.

RESULTS

Development of CTD-Related Renal Failure
This study included 38 male WF rats that were transplanted with
a female DA kidney as reported before (Naggi et al., 2005). Renal
graft loss was evidenced by clinical signs such as pilo-erected fur,
severe body weight loss, disoriented behavior, and high blood

creatinine values. Six rats that had to be sacrificed before the end
of the experiment (before 8–10 weeks after transplantation) were
excluded from all histological and biochemical analyses described
later. Graft loss among the various heparinoid groups was not
significantly different. Accordingly, the following groups with
mentioned group size were studied: allografts treated with saline
(n = 8), heparin (n = 8), N-acetyl heparin (n = 8), and RO-heparin
(n = 8). In the plasmas of the rats taken at 8 weeks after renal
transplantation, 4 h after heparin(oid) injection, we measured the
activated partial thromboplastin time. In the saline-treated
transplanted rats, this was 75 s (median value). In the regular
heparin group, this time was 173 s (saline versus regular heparin:
p < 0.05), 73 s in the RO-heparin group, and 69 s in the N-acetyl
heparin group (both non-anticoagulant heparinoids not being
different from saline-treated rats) (not shown). These data show
that both chemically modified heparin preparations indeed were
non-anticoagulant, resulting in a similar activated partial
thromboplastin time compared with saline-treated rats.

Effects of (Non-)Anticoagulant
Heparin(oids) on Clinical Parameters
Body Weight, Mean Arterial Blood Pressure, Food and
Water Intake, and Urinary Output
Treatment with heparin and non-anticoagulant heparins had no
effect on body weight (Supplementary Table S1), food and water
intake, and urine output (not shown) of the WF recipient rats at
8 weeks (Supplementary Table S1). The mean arterial blood
pressure increased gradually in recipient WF rats until the end of
the experiment without statistical significances among the groups
(Supplementary Table S1).

Renal Function
Saline-treated groups developed CTD-related renal failure as
evidenced by reduced creatinine clearance and a rise in both
serum creatinine and urinary protein excretion (Supplementary
Table S1). Serum creatinine levels increased and creatinine
clearance significantly reduced in all groups over time, without
differences among the groups. No differences were observed in
proteinuria between the groups after 8 weeks follow-up
(Supplementary Table S1), indicating that treatment with
heparin and non-anticoagulant heparinoids had no effect on
renal function.

Effects of (Non-)Anticoagulant
Heparin(oids) on Lipid Levels
Serum Triglycerides (TG) Levels
To investigate the effects of heparin and non-anticoagulant
heparinoids on serum lipid levels, serum TG and TC levels
were measured. Serum TG levels were significantly increased
in saline- and NAc-heparin-treated groups over time, whereas
heparin and RO-heparin treatment prevented the increase in
serum TG levels over time (Figure 1A). At 8 weeks, serum TG
levels in heparin- and RO-heparin-treated groups were
significantly lower than those in saline-treated groups (both
p < 0.05; Figure 1A).
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FIGURE 1 | Lipid measurements in saline-treated, heparin-treated, RO-heparin-treated, and NAc-heparin-treated groups at baseline, 4 weeks after Tx, and
8 weeks after Tx. (A) Serum triglycerides. (B) Total cholesterol. (C) VLDLc AUC (area under the curve). (D) LDLc AUC. (E) HDLc AUC. (F) non-HDLc/HDLc. *p < 0.05.
Data are shown as mean ± SEM.
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Serum Cholesterol Levels
No significant differences in serum TC levels were observed in
saline-treated group over time, although values tend to increase
over time (Figure 1B). All treated groups (heparin, RO-heparin,
and NAc-heparin groups) showed a significant increase in serum
TC over time (Figure 1B). However, at 8 weeks, TC values were
not significantly changed in any of the treatment groups
compared to the saline-treated group (Figure 1B), indicating
no effects of heparin, RO-heparin, and NAc-heparin treatments
on serum TC levels in the CTD rat model.

To get more insight into cholesterol profiles, we further
profiled serum lipoproteins levels (Figures 2A–D). VLDLc
levels followed the same pattern as TG levels (ANOVA: p <
0.05). VLDLc levels were increased in saline and NAc-heparin
(p < 0.01) treated groups, whereas heparin and RO-heparin
treatment prevented the increase in VLDLc levels over time
(Figure 1C). At 8 weeks, RO-heparin-treated groups showed a
significant reduction in serum VLDLc levels compared to the
saline-treated group (p < 0.05; Figure 1C). Then the same
tendency (although not statistically significant) was seen in the
heparin group. As expected for TG-rich VLDL lipoproteins,
serum VLDLc levels were positively correlated with serum TG
levels at 8 weeks (r = 0.6, p = 0.005) (not shown).

LDLc and HDLc levels were increased in all groups over time
(Figures 1D,E). At 8 weeks, no significant differences were
observed in LDLc and HDLc levels in all treatment groups as
compared to the saline-treated group. Likewise, the non-HDLc/
HDLc ratio was increased in all groups (Figure 1F). No
significant differences were observed in the non-HDLc/HDLc
ratio in any of the treatment groups compared to the saline-
treated group at 8 weeks (Figure 1F).

Altogether, these data indicate that heparin and RO-heparin
treatment prevented an increase in serum TG and VLDLc levels
without affecting the LDLc, HDLc, and non-HDlc/HDLc ratio in
the CTD model.

Effects of (Non-)Anticoagulant
Heparin(oids) on Serum PCSK9 Levels
SerumPCSK9 levels in the RO-heparin treated group and theNAc-
heparin treated group were significantly lower than those in the
saline-treated group at baseline (Figure 3A). Because of variation
in baseline PCSK9 levels in the various groups, serum PCSK9 levels
were adjusted for their respective baseline values and expressed as
fold change. We observed ~1.5-fold increments in serum PCSK9
levels in all groups over time (Figure 3B). When we compared
serum PCSK9 levels in heparin-, RO-heparin-, and NAc-heparin-
treated groups with saline-treated groups at 8 weeks, no significant
differences were observed (Figure 3B), indicating no effects of
heparin and heparinoids on serum PCSK9 levels. Similarly, no
association of serum PCSK9 levels was observed with serum lipid
levels (TG, TC, VLDLc, LDLc, HDLc, and non-HDLc/HDLc) and
with renal function parameters (creatinine clearance, proteinuria,
and serum creatinine) at 8 weeks (not shown), indicating that
serum PCSK9 levels might not be a crucial determinant for
dyslipidemia in our rat model of CTD.

Effects of (Non-)Anticoagulant
Heparin(oids) on Serum Syndecan-1 Levels
We previously reported syndecan-1 shedding in the same
transplant model as used here (Adepu et al., 2014). Serum

FIGURE 2 |Cholesterol profiling by FPLC in saline-treated, heparin-treated, RO-heparin-treated, and NAc-heparin-treated group at baseline, 4 weeks after Tx, and
8 weeks after Tx. (A) Saline-treated group, (B) heparin-treated group, (C) RO-heparin-treated group, and (D) NAc-heparin-treated group. The dark lines indicate the
mean, and the dotted lines indicate SEM.
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syndecan-1 levels were found to be increased ~10-fold in all
groups over time (Figure 3C). At 8 weeks, heparin-, RO-heparin-
, and NAc-heparin-treated groups showed no significant
differences in serum syndecan-1, compared to the saline-
treated group (Figure 3C). Furthermore, serum syndecan-1
levels at 8 weeks were positively associated with TC, LDLc,
and HDLc levels (r = 0.5, p = 0.03; r = 0.49, p = 0.03; and r =
0.49, p = 0.03, respectively) but not with TG, VLDLc, and renal
function parameters (not shown).

Development of Glomerulosclerosis and
Transplant Arteriopathy
Two of the major histopathological signs of CTD are
glomerulosclerosis and transplant arteriopathy (Najafian and
Kasiske, 2008). Therefore, we examined glomeruli from saline-
, heparin-, and heparinoid-treated groups at 8 weeks and scored
them for the presence of glomerulosclerosis. At 8 weeks, all
groups showed glomerulosclerosis with variability among
animals; however, no differences were observed (Figures
4A–C). Non-transplanted rats had a glomerulosclerosis score
close to zero (Figure 4A), indicating that heparin and non-

anticoagulant heparinoids are not effective in reducing
glomerulosclerosis in this fully HLA-mismatched model with
severe renal damage. However, glomerulosclerosis scores were
significantly positively associated with serum syndecan-1 levels
(r = 0.53, p = 0.021) (Figure 4D) and negatively associated with
creatinine clearance (r = −0.4, p = 0.049, respectively)
(Figure 4E).

Next, we evaluated the renal arteries of allografts from saline-,
heparin-, and heparinoid-treated groups at 8 weeks for arterial
neo-intima formation and analyzed if the reduction in TG and
VLDLc levels by heparin and RO-heparin lowered the risk of
arterial lumen occlusion (neo-intima formation). All treated
groups showed variable lumen occlusion due to neo-intima
formation. No significant differences were observed in neo-
intima formation in any of the treatment groups compared to
the saline-treated group (Figures 5A–C). Interestingly, the
percentage of neo-intima formation was significantly positively
associated with non-HDLc/HDLc levels (r = 0.64, p < 0.001)
(Figure 5D), suggesting a role of bad cholesterol profile in neo-
intima formation over TG levels. Similarly, significant positive
associations were observed with plasma creatinine (r = 0.44, p =
0.046) (Figure 5E).

FIGURE 3 | Serum PCSK9 and serum syndecan-1 levels in saline-treated, heparin-treated, RO-heparin-treated, and NAc-heparin-treated groups. (A) Serum
PCSK9 levels, (B) serum PCSK9 expressed as fold changes, and (C) serum syndecan-1 levels. Data are shown as mean ± SEM.
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DISCUSSION

In a rat model of CTD, we show that heparin and non-
anticoagulant heparinoid (RO-heparin) could prevent the
increase in serum TG and the TG-rich VLDL particles. None
of the heparin(oids), however, could prevent a progressive
increase in TC, LDLc, HDLc, serum PCSK9, and serum
syndecan-1 levels. Similarly, transplant glomerulosclerosis and
arterial neo-intima formation could not be attenuated by
heparin(oid) treatment. Arterial neo-intimal scores were
positively associated with unfavorable cholesterol profile (non-
HDLc/HDLc ratio). Transplant glomerulosclerosis was positively
associated with shedding of the lipoprotein clearance receptor
syndecan-1. These data suggest that development and

progression of CTD are independent of changes in TGs and
VLDLc levels, rather related to syndecan-1 shedding and
cholesterol profile.

Although we did not study the lipoprotein lipase (LPL) activity
in our model, the effects of heparin in reducing plasma TG and
VLDLc levels might be attributed to the release/activation of
lipoprotein lipase and hepatic lipase as reported before
(Davenport, 2009).

We observed >10-fold increase in serum syndecan-1 levels in
saline as well as heparin/non-anticoagulant heparin-treated
groups over time. Furthermore, we observed no effects of
heparin and non-anticoagulant heparinoids on serum
syndecan-1 levels despite strong reductions in TG and VLDLc
levels. It is worthwhile to mention that serum syndecan-1 levels at

FIGURE 4 | Glomerulosclerosis in saline-treated, heparin-treated, RO-heparin-treated, and NAc-heparin-treated groups. (A,B) Representative pictures of
glomerulosclerosis in non-transplant donor kidney and transplanted kidney at 8 weeks. (C) Glomerulosclerosis scoring on kidneys of saline-treated, heparin-treated,
RO-heparin-treated, and NAc-heparin-treated groups at 8 weeks. (D) Univariate correlation analysis of glomerulosclerosis with serum syndecan-1. (E) Univariate
correlation analysis of glomerulosclerosis with creatinine clearance. Data are shown as mean ± SEM. Scales represent 50 μm.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 7980888

Shrestha et al. Dyslipidemia in Chronic Transplant Dysfunction

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


8 weeks are strongly positively associated with TC, LDLc, and
HDLc levels, but also with glomerulosclerosis. These data indicate
that increased syndecan-1 shedding leading to reduced
lipoprotein clearance might be a cause underlying dyslipidemia
and glomerulosclerosis in our model. Although reported by
others (Ritchie et al., 2011), neither of the heparins were
effective to prevent syndecan-1 shedding in our model,
indicating TG and VLDLc lowering effects by heparin/RO-
heparin do not involve syndecan-1. In addition, previously, we
showed increased plasma values of syndecan-1 associated with
reduced kidney function (plasma creatinine, creatinine clearance,
and degree of proteinuria) (Adepu et al., 2014; Adepu et al., 2015).
In general, loss of renal function is associated with increased
fibrosis. So, these data in human renal transplant recipients are in
line with our current positive association of plasma syndecan-1
with glomerulosclerosis.

Tissue remodeling and invasion of the neo-intima into the
vascular lumen due to inflammatory processes inside the walls of
arteries are important hallmarks of CTD. The interaction of lipids
such as oxidized LDL and immune cells is thought to be a driving
force behind chronic inflammation of the arterial wall during
atherogenesis. Accumulation of lipid particles in vessel walls and
subsequent immunological response cause plaque formation,
which gets aggravated in dyslipidemic situations (Schaftenaar
et al., 2016; Sandesara et al., 2019). Elevated serum cholesterol
levels, particularly LDLc levels, have been implicated in the
worsening of vascular lesions and neo-intima formation in
experimental models of CTD and in a randomized clinical
trial (Silverman et al., 2016). Hypercholesterolemia post-renal
transplantation has been associated with progressive deterioration
of graft function, higher proteinuria, and aggravated histological
lesions in allografts (Wissing et al., 2000), making

FIGURE 5 | Transplant arteriopathy in saline-treated, heparin-treated, RO-heparin-treated, and NAc-heparin-treated groups. (A,B) Representative pictures for
variability in neo-intima formations. (C) Percentage of neo-intima formation in the arteries of saline-treated, heparin-treated, RO-heparin-treated, and NAc-heparin-
treated groups at 8 weeks. (D) Univariate correlation analysis of percentage of neo-intima with non-HDLc/HDLc. (E) Univariate correlation analysis of percentage of neo-
intima with serum plasma creatinine. Data are shown as mean ± SEM. Scales represent 50 μm.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 7980889

Shrestha et al. Dyslipidemia in Chronic Transplant Dysfunction

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


hypercholesterolemia an independent risk factor for kidney allograft
loss (Roodnat et al., 2000; Öörni et al., 2019). Recently, TG-rich
lipoproteins such as chylomicrons, VLDL, and their remnants are
found to increase endothelial inflammation and promote
atherogenesis independently of LDLc (Quaschning et al., 1999;
Generoso et al., 2019). Furthermore, immunosuppressives used in
renal transplant patients cause accumulation of TG-enriched VLDL
and LDL particles (Quaschning et al., 1999). However, despite the
effective reduction of TG andVLDLc by heparin and RO-heparin, we
failed to observe beneficial effects on CTD. This could be due to a
strong inflammatory and allo-immune response to HLA mismatch
in our CTD rat model, with lipid levels playing a minor role. As a
result, the beneficial effects of TG and VLDLc reduction could not be
seen as clearly. In addition, dyslipidemia itself might be caused due
to strong systemic inflammation in our rat model as previously
observed in several inflammatory diseases (Esteve et al., 2005).
Therefore, although lipids undoubtedly contribute to the
development and progression of atherosclerosis, the strong
inflammatory response in our rat transplantation model mainly
orchestrates the progression and outcome of the disease.

Apart from the role of dyslipidemia in transplant vasculopathy,
dyslipidemia also induces glomerulosclerosis. Various studies have
shown the accumulation of lipoproteins in glomerular mesangium,
which accelerates matrix production in several rat models of renal
diseases (Kasiske et al., 1991; Wang et al., 2005). Moreover, TG-
enriched oxidized LDLc also stimulates the synthesis of cytokines,
growth factors, and extracellular matrix proteins in glomerular
mesangial cells, eventually leading to glomerulosclerosis
(Fellström, 1999), indicating both TG and TC to participate in
the development and progression of CTD. On the contrary, there
are other studies that have failed to establish any relationship
among elevated lipid levels, functional deterioration of kidney
grafts, and CTD (Massy et al., 1996; Hillebrand et al., 1999),
making the role of dyslipidemia in CTD a matter of debate.
Our study shows that despite the effective reduction of TGs and
VLDLc levels by the treatment with heparin and RO-heparin, no
beneficial effects were observed on renal function,
glomerulosclerosis, and neo-intima formation. Furthermore, the
effects of heparin and heparinoids in reducing lipid levels have
been controversial. Previous studies in patients have shown
variable effects of heparin and low molecular weight heparins
on serum lipid levels, which range from reduction to aggravation of
lipid levels (Katopodis et al., 2007), likely dependent on patient-
related variables. In our renal transplantation model, neo-intima
formation was significantly positively associated with non-HDLc/
HDLc levels, suggesting a contribution of a bad cholesterol profile
to neo-intima formation, however, without any improvement by
heparin(oid) treatment.We realize that our fully HLAmismatched
rat CTDmodel shows a very strong allo-immune response. Several
studies in rats have reported that treatment of allograft recipients
with immunosuppressants like cyclosporin A and rapamycin can
block the development of CTD-related vasculopathy (Orosz and
Pelletier, 1997). Similarly, proteoglycans such as HSPGs have long
been known to have a role in the inflammatory process, owing to
the binding of HSPGs to L-selectins and P-selectins found on
leukocytes and endothelial cells, as well as the presentation and
gradient generation of chemokines (Ivetic et al., 2019). As a result,

therapeutic interventions based on the proteoglycan chemokine
interaction have been developed. Treatment with some low
molecular weight heparins has been demonstrated to minimize
the signs of increasing renal failure in experimental renal
transplantation (Persson, 1988; Braun et al., 2001; Rienstra
et al., 2010). The authors found that LMW heparin lowers renal
monocyte, T-cell, andmajor histocompatibility complex II positive
(MHCII+) infiltration in these experiments. Our previous study by
Talsma et al. (2017) showed no positive effect of heparin/non-
anticoagulant heparin derivative treatment on graft function and
outcome. Furthermore, RO-heparin treatment in transplantation
indeed reduced renal leukocyte recruitment, but increased the
migration of antigen-presenting cells to newly formed lymphatic
vessels in transplanted kidneys (Talsma et al., 2017). The
differences in research outcomes could be explained by the fact
that we used unfractionated heparin/non-anticoagulant heparin
derivatives and used a full HLA mismatch model, whereas Braun
et al. (2001) used LMW heparins, a milder Lewis to Fisher model.
Therefore, it seems that CTD in our renal transplant model is
primarily driven by immunological responses. The lack of clinically
significant effects on CTD by controlling TG and VLDL levels using
heparin thereforemight be a strong immune component in the current
study. Therefore, future investigations are needed in proteinuric rat
models where immune responses are subtle and might help to
understand the effects of heparin(oids) on serum lipids and PCSK9
levels (Shrestha et al., 2021a; Shrestha et al., 2021b). Future research
could also investigate differential responses of unfractionated versus
LMW heparin/non-anticoagulant heparin derivatives.

In conclusion, the efficacy of heparin and non-anticoagulant
heparins in lipid reduction is heterogeneous, controversial, and
context dependent. Furthermore, complete relying on heparin
and non-anticoagulant heparins in preventing CTD and CTD-
related tissue remodeling might not be warranted by our results,
at least not in the transplantation setting. Future investigations on
non-immunological proteinuric animal models and human
nephrotic diseases might be superior to target PCSK9/
syndecan-1/cholesterol axis.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed, and all the procedures used in
study 5923A on heparinoid treatment in rat renal transplantation
model was approved by the local animal Ethics Committee of the
University of Groningen.

AUTHOR CONTRIBUTIONS

JvdB, BvdS, J-LH, KK, DT, and PS designed the study. KK and DT
carried out animal experiments. PS, KK, and DT carried out majority

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 79808810

Shrestha et al. Dyslipidemia in Chronic Transplant Dysfunction

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


of experiments. AN delivered the heparins. PS made the figures and
prepared the article. JvdB, BvdS, AN, and J-LH revised the paper; all
authors approved the final version of the manuscript.

FUNDING

This work was supported by personal talent grants from Graduate
School of Medical Sciences (GSMS) at UMCG to PS, KK, and DT,
and personal grant from the Jan Kornelis de Cock foundation to PS.

ACKNOWLEDGMENTS

We thank Albert Gerding for helping with FPLC.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.798088/
full#supplementary-material

REFERENCES

Adepu, S., Rosman, C. W., Dam, W., van Dijk, C. R. F. M., Navis, G., van Goor, H.,
et al. (2015). Incipient Renal Transplant Dysfunction Associates with Tubular
Syndecan-1 Expression and Shedding. Am. J. Physiol. Ren. Physiol. 309 (2),
F137–F145. doi:10.1152/ajprenal.00127.2015

Adepu, S., Katta, K., Tietge, U. J. F., Kwakernaak, A. J., Dam,W., van Goor, H., et al.
(2014). Hepatic Syndecan-1 Changes Associate with Dyslipidemia after Renal
Transplantation. Am. J. Transpl. 14 (10), 2328–2338. doi:10.1111/ajt.12842

Agarwal, A., and Prasad, G. V. R. (2016). Post-transplant Dyslipidemia:
Mechanisms, Diagnosis and Management. Wjt 6 (1), 125. doi:10.5500/wjt.
v6.i1.125

Agrawal, S., Zaritsky, J. J., Fornoni, A., and Smoyer, W. E. (2018). Dyslipidaemia in
Nephrotic Syndrome: Mechanisms and Treatment. Nat. Rev. Nephrol. 14 (1),
57–70. doi:10.1038/NRNEPH.2017.155

Akhtar, F., Wan, X., Wu, G., Kesse, S., Wang, S., and He, S. (2018). Low-Molecular-
Weight Heparins: Reduced Size Particulate Systems for Improved Therapeutic
Outcomes. Molecules 23 (7), 1757. Published 2018 Jul 18. doi:10.3390/
molecules23071757

Akiba, T., Tachibana, K., Ozawa, K., Chida, Y., Ogasawara, H., Yoshiyama, N., et al.
(1992). Long-term Use of Low Molecular Weight Heparin Ameliorates
Hyperlipidemia in Patients on Hemodialysis. ASAIO J. 38 (3), M326–M330.
doi:10.1097/00002480-199207000-00047

Braun, C., Schultz, M., Fang, L., Schaub, M., Back, W. E., Herr, D., et al. (2001).
Treatment of Chronic Renal Allograft Rejection in Rats with a Low-Molecular-
Weight Heparin (Reviparin). Transplantation 72 (2), 209–215. doi:10.1097/
00007890-200107270-00007

Castelló, I. B. (2002). Hyperlipidemia: A Risk Factor for Chronic Allograft
Dysfunction. Kidney Int. 61, S73–S77. Supplement. doi:10.1046/j.1523-1755.
61.s80.13.x

Casu, B., Guerrini, M., Guglieri, S., Naggi, A., Perez, M., Torri, G., et al. (2004).
Undersulfated and Glycol-Split Heparins Endowed with Antiangiogenic
Activity. J. Med. Chem. 47 (4), 838–848. doi:10.1021/JM030893G

Casu, B., Naggi, A., and Torri, G. (2002). Chemical Derivatization as a Strategy to
Study Structure-Activity Relationships of Glycosaminoglycans. Semin. Thromb.
Hemost. 28 (4), 335–342. doi:10.1055/s-2002-34302

Chen, Z., Jing, Y., Song, B., Han, Y., and Chu, Y. (2009). Chemically Modified
Heparin Inhibits In Vitro L-Selectin-Mediated HumanOvarian Carcinoma Cell
Adhesion. Int. J. Gynecol. Cancer 19 (4), 540–546. doi:10.1111/IGC.
0b013e3181a44bc8

Davenport, A. (2009). Review Article: Low-Molecular-Weight Heparin as an
Alternative Anticoagulant to Unfractionated Heparin for Routine Outpatient
Haemodialysis Treatments. Nephrology 14 (5), 455–461. doi:10.1111/j.1440-
1797.2009.01135.x

Del Castillo, D., Cruzado, J. M., Díaz, J. M., Castelló, I. B., Valdemoros, R. L.,
Huertas, E. G., et al. (2004). The Effects of Hyperlipidaemia on Graft and
Patient Outcome in Renal Transplantation. Nephrol. Dial. Transplant. 19
(Suppl. 3), iii67–iii71. doi:10.1093/ndt/gfh1019

Eisenga, M. F., Zelle, D. M., Sloan, J. H., Gaillard, C. A. J. M., Bakker, S. J. L., and
Dullaart, R. P. F. (2017). High Serum PCSK9 Is Associated with Increased Risk
of New-Onset Diabetes after Transplantation in Renal Transplant Recipients.
Diabetes Care 40 (7), 894–901. doi:10.2337/dc16-2258

Ekberg, H., and Johansson, M. E. (2012). Challenges and Considerations in
Diagnosing the Kidney Disease in Deteriorating Graft Function. Transpl.
Int. 25 (11), 1119–1128. doi:10.1111/J.1432-2277.2012.01516.X

Elisaf, M. S., Germanos, N. P., Bairaktari, H. T., Pappas, M. B., Koulouridis, E. I.,
and Siamopoulos, K. C. (1997). Effects of Conventional vs. Low-Molecular-
Weight Heparin on Lipid Profile in Hemodialysis Patients. Am. J. Nephrol. 17
(2), 153–157. doi:10.1159/000169090

Elkins, C., Fruh, S., Jones, L., and Bydalek, K. (2019). Clinical Practice
Recommendations for Pediatric Dyslipidemia. J. Pediatr. Health Care 33 (4),
494–504. doi:10.1016/j.pedhc.2019.02.009

Esteve, E., Ricart, W., and Fernández-Real, J. M. (2005). Dyslipidemia and
Inflammation: an Evolutionary Conserved Mechanism. Clin. Nutr. 24 (1),
16–31. doi:10.1016/j.clnu.2004.08.004

Fellström, B. (1999). “The Effects of Lipids on Graft Outcome,” in Transplantation
Proceedings (Elsevier), 14–15. doi:10.1016/S0041-1345(99)00786-1Vol. 31

Gao, Y., Li, N., Fei, R., Chen, Z., Zheng, S., and Zeng, X. (2005). P-Selectin-
mediated Acute Inflammation Can Be Blocked by Chemically Modified
Heparin, RO-Heparin. Mol. Cell 19 (3), 350–355.

Generoso, G., Janovsky, C. C. P. S., and Bittencourt, M. S. (2019). Triglycerides and
Triglyceride-Rich Lipoproteins in the Development and Progression of
Atherosclerosis. Curr. Opin. Endocrinol. Diabetes Obes. 26 (2), 109–116.
doi:10.1097/MED.0000000000000468

Gerdes, L. U., Gerdes, C., Klausen, I. C., and Faergeman, O. (1992). Generation of
Analytic Plasma Lipoprotein Profiles Using Two Prepacked Superose 6B
Columns. Clin. Chim. Acta 205 (1-2), 1–9. doi:10.1016/0009-8981(92)
90348-T

Gottmann, U., Mueller-Falcke, A., Schnuelle, P., Birck, R., Nickeleit, V., van der
Woude, F. J., et al. (2007). Influence of Hypersulfated and Low Molecular
Weight Heparins on Ischemia/reperfusion: Injury and Allograft Rejection in
Rat Kidneys. Transpl. Int 20 (6), 542–549. doi:10.1111/j.1432-2277.2007.
00471.x

Guerrini, M., and Bisio, A. (2012). Low-molecular-weight Heparins: Differential
Characterization/physical Characterization. Handb Exp. Pharmacol. 207,
127–157. doi:10.1007/978-3-642-23056-1_7

Gustafsen, C., Olsen, D., Vilstrup, J., Lund, S., Reinhardt, A., Wellner, N., et al.
(2017). Heparan Sulfate Proteoglycans Present PCSK9 to the LDL Receptor.
Nat. Commun. 8 (1). doi:10.1038/s41467-017-00568-7

Hillebrand, G. F., Schlosser, S., Schneeberger, H., Lorenz, B., Zanker, B., Samtleben,
W., et al. (1999). No Clinical Evidence of Hyperlipidemia as a Risk Factor for
Chronic Renal Allograft Failure. Transpl. Proc 31 (1-2), 1391–1392. doi:10.
1016/S0041-1345(98)02039-9

Ivetic, A., Hoskins Green, H. L., and Hart, S. J. (2019). L-selectin: A Major
Regulator of Leukocyte Adhesion, Migration and Signaling. Front. Immunol.
10, 1068. doi:10.3389/fimmu.2019.01068

Jurewicz, W. A. (2003). Tacrolimus versus Ciclosporin Immunosuppression: Long-
Term Outcome in Renal Transplantation. Nephrol. Dial. Transpl. 18 (Suppl. 1),
7i–11. doi:10.1093/ndt/gfg1028

Kasiske, B. L., O’Donnell, M. P., Schmitz, P. G., and Keane, W. F. (1991). The Role
of Lipid Abnormalities in the Pathogenesis of Chronic, Progressive Renal
Disease. Adv. Nephrol. Necker Hosp. 20, 109–125. Avaialable at: https://
pubmed.ncbi.nlm.nih.gov/2063707/(Accessed December 27, 2020).

Katopodis, K. P., Koliousi, E., Gouva, C., Balafa, O., Bairaktari, E., Ikonomou, M.,
et al. (2007). Acute Effect of Heparin on Lipid Parameters in Patients on Renal

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 79808811

Shrestha et al. Dyslipidemia in Chronic Transplant Dysfunction

https://www.frontiersin.org/articles/10.3389/fcell.2022.798088/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.798088/full#supplementary-material
https://doi.org/10.1152/ajprenal.00127.2015
https://doi.org/10.1111/ajt.12842
https://doi.org/10.5500/wjt.v6.i1.125
https://doi.org/10.5500/wjt.v6.i1.125
https://doi.org/10.1038/NRNEPH.2017.155
https://doi.org/10.3390/molecules23071757
https://doi.org/10.3390/molecules23071757
https://doi.org/10.1097/00002480-199207000-00047
https://doi.org/10.1097/00007890-200107270-00007
https://doi.org/10.1097/00007890-200107270-00007
https://doi.org/10.1046/j.1523-1755.61.s80.13.x
https://doi.org/10.1046/j.1523-1755.61.s80.13.x
https://doi.org/10.1021/JM030893G
https://doi.org/10.1055/s-2002-34302
https://doi.org/10.1111/IGC.0b013e3181a44bc8
https://doi.org/10.1111/IGC.0b013e3181a44bc8
https://doi.org/10.1111/j.1440-1797.2009.01135.x
https://doi.org/10.1111/j.1440-1797.2009.01135.x
https://doi.org/10.1093/ndt/gfh1019
https://doi.org/10.2337/dc16-2258
https://doi.org/10.1111/J.1432-2277.2012.01516.X
https://doi.org/10.1159/000169090
https://doi.org/10.1016/j.pedhc.2019.02.009
https://doi.org/10.1016/j.clnu.2004.08.004
https://doi.org/10.1016/S0041-1345(99)00786-1
https://doi.org/10.1097/MED.0000000000000468
https://doi.org/10.1016/0009-8981(92)90348-T
https://doi.org/10.1016/0009-8981(92)90348-T
https://doi.org/10.1111/j.1432-2277.2007.00471.x
https://doi.org/10.1111/j.1432-2277.2007.00471.x
https://doi.org/10.1007/978-3-642-23056-1_7
https://doi.org/10.1038/s41467-017-00568-7
https://doi.org/10.1016/S0041-1345(98)02039-9
https://doi.org/10.1016/S0041-1345(98)02039-9
https://doi.org/10.3389/fimmu.2019.01068
https://doi.org/10.1093/ndt/gfg1028
https://pubmed.ncbi.nlm.nih.gov/2063707/
https://pubmed.ncbi.nlm.nih.gov/2063707/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Replacement Therapy. ASAIO J. 53 (1), 46–49. doi:10.1097/01.mat.0000247155.
20214.20

Kusyk, T., Verran, D., Stewart, G., Ryan, B., Fisher, J., Tsacalos, K., et al. (2005).
Increased Risk of Hemorrhagic Complications in Renal Allograft Recipients
Receiving Systemic Heparin Early Posttransplantation. Transplant. Proc. 37 (2),
1026–1028. doi:10.1016/j.transproceed.2005.02.018

Lai, X., Zheng, X., Mathew, J. M., Gallon, L., Leventhal, J. R., and Zhang, Z.
J. (2021). Tackling Chronic Kidney Transplant Rejection: Challenges
and Promises. Front. Immunol. 12, 1755. doi:10.3389/FIMMU.2021.
661643

Lazrak, H. H., René, É., Elftouh, N., Leblanc, M., and Lafrance, J.-P. (2017). Safety
of Low-Molecular-Weight Heparin Compared to Unfractionated Heparin in
Hemodialysis: a Systematic Review and Meta-Analysis. BMC Nephrol. 18 (1),
187. doi:10.1186/s12882-017-0596-4

Levidiotis, V., Freeman, C., Tikellis, C., Cooper, M. E., and Power, D. A. (2004).
Heparanase Is Involved in the Pathogenesis of Proteinuria as a Result of
Glomerulonephritis. J. Am. Soc. Nephrol. 15 (1), 68–78. doi:10.1097/01.ASN.
0000103229.25389.40

Luca, L., Westbrook, R., and Tsochatzis, E. A. (2015). Metabolic and
Cardiovascular Complications in the Liver Transplant Recipient. Ann.
Gastroenterol. 28 (2), 183–192. Available at: www.annalsgastro.gr (Accessed
January 24, 2021).

Mahle,W. T., Vincent, R. N., Berg, A. M., and KanterBerg, K. R. (2005). Pravastatin
Therapy Is Associated with Reduction in Coronary Allograft Vasculopathy in
Pediatric Heart Transplantation. J. Heart Lung Transplant. 24 (1), 63–66.
doi:10.1016/J.HEALUN.2003.10.013

Marcén, R, and Teruel, JL. (2008). Patient Outcomes after Kidney Allograft
Loss. Transpl. Rev (Orlando) 22 (1), 62–72. doi:10.1016/J.TRRE.2007.
09.005

Massy, Z. A., Guijarro, C., Wiederkehr, M. R., Ma, J. Z., and Kasiske, B. L. (1996).
Chronic Renal Allograft Rejection: Immunologic and Nonimmunologic Risk
Factors. Kidney Int. 49 (2), 518–524. doi:10.1038/ki.1996.74

Mikolasevic, I., Žutelija, M., Mavrinac, V., and Orlic, L. (2017). Dyslipidemia in
Patients with Chronic Kidney Disease: Etiology andManagement. IjnrdVol. 10,
35–45. doi:10.2147/IJNRD.S101808

Naggi, A., Casu, B., Perez, M., Torri, G., Cassinelli, G., Penco, S., et al. (2005).
Modulation of the Heparanase-Inhibiting Activity of Heparin through Selective
Desulfation, Graded N-Acetylation, and Glycol Splitting. J. Biol. Chem. 280
(13), 12103–12113. doi:10.1074/jbc.M414217200

Najafian, B., and Kasiske, B. L. (2008). Chronic Allograft Nephropathy. Curr.
Opin. Nephrol. Hypertens. 17 (2), 149–155. doi:10.1097/MNH.
0b013e3282f4e514

Nakamura, T., Vollmar, B., Winning, J., Ueda, M., Menger, M. D., and Schäfers, H.-
J. (2001). Heparin and the Nonanticoagulant N-Acetyl Heparin Attenuate
Capillary No-Reflow after Normothermic Ischemia of the Lung. Ann. Thorac.
Surg. 72 (4), 1183–1189. doi:10.1016/s0003-4975(01)02959-9

Nankivell, B. J., Borrows, R. J., Fung, C. L.-S., O’Connell, P. J., Allen, R. D. M.,
and Chapman, J. R. (2003). The Natural History of Chronic Allograft
Nephropathy. N. Engl. J. Med. 349 (24), 2326–2333. doi:10.1056/
nejmoa020009

Öörni, K., Lehti, S., Sjövall, P., and Kovanen, P. T. (2019). Triglyceride-Rich
Lipoproteins as a Source of Proinflammatory Lipids in the Arterial Wall. Cmc
26 (9), 1701–1710. doi:10.2174/0929867325666180530094819

Orosz, C. G., and Pelletier, R. P. (1997). Chronic Remodeling Pathology in Grafts.
Curr. Opin. Immunol. 9 (5), 676–680. doi:10.1016/S0952-7915(97)80048-9

Pavlakou, P., Liberopoulos, E., Dounousi, E., and Elisaf, M. (2017). PCSK9 in
Chronic Kidney Disease. Int. Urol. Nephrol. 49 (6), 1015–1024. doi:10.1007/
s11255-017-1505-2

Persson, E. (1988). Lipoprotein Lipase, Hepatic Lipase and Plasma Lipolytic
Activity. Effects of Heparin and a Low Molecular Weight Heparin Fragment
(Fragmin). Acta Med. Scand. Suppl. 724 (724), 1–56. Avaialable at: https://
pubmed.ncbi.nlm.nih.gov/2843005/(Accessed December 30, 2020).

Quaschning, T., Mainka, T., Nauck, M., Rump, L. C., Wanner, C., and Krämer-
Guth, A. (1999). Immunosuppression Enhances Atherogenicity of Lipid Profile
after Transplantation. Kidney Int. 56 (71), S235–S237. doi:10.1046/j.1523-1755.
1999.07162.x

Rienstra, H., Boersema, M., Onuta, G., Boer, M. W., Zandvoort, A., van Riezen, M.,
et al. (2009). Donor and Recipient Origin of Mesenchymal and Endothelial

Cells in Chronic Renal Allograft Remodeling. Am. J. Transpl. 9 (3), 463–472.
doi:10.1111/j.1600-6143.2008.02534.x

Rienstra, H., Katta, K., Celie, J. W. A. M., van Goor, H., Navis, G., van den Born, J.,
et al. (2010). Differential Expression of Proteoglycans in Tissue Remodeling and
Lymphangiogenesis after Experimental Renal Transplantation in Rats. PLoS
One 5 (2), e9095. doi:10.1371/journal.pone.0009095

Ritchie, J. P., Ramani, V. C., Ren, Y., Naggi, A., Torri, G., Casu, B., et al. (2011).
SST0001, a Chemically Modified Heparin, Inhibits Myeloma Growth and
Angiogenesis via Disruption of the Heparanase/syndecan-1 axis. Clin.
Cancer Res. 17 (6), 1382–1393. doi:10.1158/1078-0432.CCR-10-2476

Roodnat, J. I., Mulder, P. G. H., Zietse, R., Rischen-Vos, J., van Riemsdijk, I. C.,
IJzermans, J. N. M., et al. (2000). Cholesterol as an Independent Predictor of
Outcome after Renal Transplantation. Transplantation 69 (8), 1704–1710.
doi:10.1097/00007890-200004270-00029

Sandesara, P. B., Virani, S. S., Fazio, S., and Shapiro, M. D. (2019). The Forgotten
Lipids: Triglycerides, Remnant Cholesterol, and Atherosclerotic
Cardiovascular Disease Risk. Endocr. Rev. 40 (2), 537–557. doi:10.1210/er.
2018-00184

Schaftenaar, F., Frodermann, V., Kuiper, J., and Lutgens, E. (2016). Atherosclerosis.
Curr. Opin. Lipidol. 27 (3), 209–215. doi:10.1097/MOL.0000000000000302

Shoji, J., Mii, A., Terasaki, M., and Shimizu, A. (2020). Update on Recurrent Focal
Segmental Glomerulosclerosis in Kidney Transplantation. Nephron 144, 65–70.
doi:10.1159/000510748

Shrestha, P., Adepu, S., Vivès, R. R., Masri, R. E., Klooster, A., Kaptein, F., et al.
(2021). Hypercholesterolemia in Progressive Renal Failure Is Associated with
Changes in Hepatic Heparan Sulfate - PCSK9 Interaction. Jasn 32 (6),
1371–1388. doi:10.1681/asn.2020091376

Shrestha, P., van de Sluis, B., Dullaart, R. P. F., and van den Born, J. (2019). Novel
Aspects of PCSK9 and Lipoprotein Receptors in Renal Disease-Related
Dyslipidemia. Cell Signal. 55, 53–64. doi:10.1016/j.cellsig.2018.12.001

Shrestha, P., Yazdani, S., Vivès, R. R., El Masri, R., Dam, W., van de Sluis, B.,
et al. (2021). Proteinuria Converts Hepatic Heparan Sulfate to an Effective
Proprotein Convertase Subtilisin Kexin Type 9 Enzyme Binding Partner.
Kidney Int. 99 (6), 1369–1381. doi:10.1016/j.kint.2021.01.023

Silverman, M. G., Ference, B. A., Im, K., Wiviott, S. D., Giugliano, R. P., Grundy, S.
M., et al. (2016). Association between Lowering LDL-C and Cardiovascular
Risk Reduction Among Different Therapeutic Interventions. Jama 316 (12),
1289–1297. doi:10.1001/jama.2016.13985

Talsma, D. T., Katta, K., Boersema, M., Adepu, S., Naggi, A., Torri, G., et al. (2017).
Increased Migration of Antigen Presenting Cells to Newly-Formed Lymphatic
Vessels in Transplanted Kidneys by Glycol-Split Heparin. PLoS One 12 (6),
e0180206. doi:10.1371/journal.pone.0180206

Uffing, A., Pérez-Sáez, M. J., Mazzali, M., Manfro, R. C., Bauer, A. C., de Sottomaior
Drumond, F., et al. (2020). Recurrence of FSGS after Kidney Transplantation in
Adults. Cjasn 15 (2), 247–256. doi:10.2215/CJN.08970719

Van Timmeren, M. M., Vaidya, V. S., Van Ree, R. M., Oterdoom, L. H., de
Vries, A. P. J., Gans, R. O. B., et al. (2007). High Urinary Excretion of
Kidney Injury Molecule-1 Is an Independent Predictor of Graft Loss in
Renal Transplant Recipients. Transplantation 84 (12), 1625–1630. doi:10.
1097/01.tp.0000295982.78039.ef

Wang, Z., Jiang, T., Li, J., Proctor, G., McManaman, J. L., Lucia, S., et al. (2005).
Regulation of Renal Lipid Metabolism, Lipid Accumulation, and
Glomerulosclerosis in FVBdb/db Mice with Type 2 Diabetes. Diabetes 54
(8), 2328–2335. doi:10.2337/diabetes.54.8.2328

Weintraub, M., Rassin, T., Eisenberg, S., Ringel, Y., Grosskopf, I., Iaina, A., et al.
(1994). Continuous Intravenous Heparin Administration in Humans Causes a
Decrease in Serum Lipolytic Activity and Accumulation of Chylomicrons in
Circulation. J. Lipid Res. 35 (2), 229–238. Available at: https://pubmed.ncbi.
nlm.nih.gov/8169526/(Accessed December 1, 2020). doi:10.1016/s0022-
2275(20)41211-8

Wijers, M., Zanoni, P., Liv, N., Vos, D. Y., Jäckstein, M. Y., Smit, M., et al.
(2019). The Hepatic WASH Complex Is Required for Efficient Plasma LDL
and HDL Cholesterol Clearance. JCI Insight 4 (11). doi:10.1172/jci.insight.
126462

Wissing, K. M., Abramowicz, D., Broeders, N., and Vereerstraeten, P. (2000).
Hypercholesterolemia Is Associated with Increased Kidney Graft Loss Caused
by Chronic Rejection in Male Patients with Previous Acute Rejection.
Transplantation 70 (3), 464–472. doi:10.1097/00007890-200008150-00012

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 79808812

Shrestha et al. Dyslipidemia in Chronic Transplant Dysfunction

https://doi.org/10.1097/01.mat.0000247155.20214.20
https://doi.org/10.1097/01.mat.0000247155.20214.20
https://doi.org/10.1016/j.transproceed.2005.02.018
https://doi.org/10.3389/FIMMU.2021.661643
https://doi.org/10.3389/FIMMU.2021.661643
https://doi.org/10.1186/s12882-017-0596-4
https://doi.org/10.1097/01.ASN.0000103229.25389.40
https://doi.org/10.1097/01.ASN.0000103229.25389.40
http://www.annalsgastro.gr
https://doi.org/10.1016/J.HEALUN.2003.10.013
https://doi.org/10.1016/J.TRRE.2007.09.005
https://doi.org/10.1016/J.TRRE.2007.09.005
https://doi.org/10.1038/ki.1996.74
https://doi.org/10.2147/IJNRD.S101808
https://doi.org/10.1074/jbc.M414217200
https://doi.org/10.1097/MNH.0b013e3282f4e514
https://doi.org/10.1097/MNH.0b013e3282f4e514
https://doi.org/10.1016/s0003-4975(01)02959-9
https://doi.org/10.1056/nejmoa020009
https://doi.org/10.1056/nejmoa020009
https://doi.org/10.2174/0929867325666180530094819
https://doi.org/10.1016/S0952-7915(97)80048-9
https://doi.org/10.1007/s11255-017-1505-2
https://doi.org/10.1007/s11255-017-1505-2
https://pubmed.ncbi.nlm.nih.gov/2843005/
https://pubmed.ncbi.nlm.nih.gov/2843005/
https://doi.org/10.1046/j.1523-1755.1999.07162.x
https://doi.org/10.1046/j.1523-1755.1999.07162.x
https://doi.org/10.1111/j.1600-6143.2008.02534.x
https://doi.org/10.1371/journal.pone.0009095
https://doi.org/10.1158/1078-0432.CCR-10-2476
https://doi.org/10.1097/00007890-200004270-00029
https://doi.org/10.1210/er.2018-00184
https://doi.org/10.1210/er.2018-00184
https://doi.org/10.1097/MOL.0000000000000302
https://doi.org/10.1159/000510748
https://doi.org/10.1681/asn.2020091376
https://doi.org/10.1016/j.cellsig.2018.12.001
https://doi.org/10.1016/j.kint.2021.01.023
https://doi.org/10.1001/jama.2016.13985
https://doi.org/10.1371/journal.pone.0180206
https://doi.org/10.2215/CJN.08970719
https://doi.org/10.1097/01.tp.0000295982.78039.ef
https://doi.org/10.1097/01.tp.0000295982.78039.ef
https://doi.org/10.2337/diabetes.54.8.2328
https://pubmed.ncbi.nlm.nih.gov/8169526/
https://pubmed.ncbi.nlm.nih.gov/8169526/
https://doi.org/10.1016/s0022-2275(20)41211-8
https://doi.org/10.1016/s0022-2275(20)41211-8
https://doi.org/10.1172/jci.insight.126462
https://doi.org/10.1172/jci.insight.126462
https://doi.org/10.1097/00007890-200008150-00012
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Yazdani, S., Hijmans, R. S., Poosti, F., Dam, W., Navis, G., van Goor, H., et al.
(2015). Targeting Tubulointerstitial Remodeling in Experimental Proteinuric
Nephropathy. DMM Dis. Model. Mech. 8 (8), 919–930. doi:10.1242/dmm.
018580

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shrestha, Katta, Talsma, Naggi, Hillebrands, Sluis and van den
Born. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 79808813

Shrestha et al. Dyslipidemia in Chronic Transplant Dysfunction

https://doi.org/10.1242/dmm.018580
https://doi.org/10.1242/dmm.018580
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Prevention of Triglyceridemia by (Non-)Anticoagulant Heparin(oids) Does Not Preclude Transplant Vasculopathy and Glomerulos ...
	Introduction
	Materials and Methods
	Animals
	Kidney Transplantation
	Treatments and Experimental Groups
	Clinical Variables
	Urine and Plasma Analysis
	Lipid Measurements
	Fast-Protein Liquid Chromatography
	Quantification of Glomerulosclerosis and Neo-Intima Formation
	Statistics

	Results
	Development of CTD-Related Renal Failure
	Effects of (Non-)Anticoagulant Heparin(oids) on Clinical Parameters
	Body Weight, Mean Arterial Blood Pressure, Food and Water Intake, and Urinary Output
	Renal Function

	Effects of (Non-)Anticoagulant Heparin(oids) on Lipid Levels
	Serum Triglycerides (TG) Levels
	Serum Cholesterol Levels

	Effects of (Non-)Anticoagulant Heparin(oids) on Serum PCSK9 Levels
	Effects of (Non-)Anticoagulant Heparin(oids) on Serum Syndecan-1 Levels
	Development of Glomerulosclerosis and Transplant Arteriopathy

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


